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Resumo

Cefalopodes, Eledone cirrhosa, ecologia, ciclo reprodutivo,
crescimento, idade, distribuicdo, dieta, noroeste da Peninsula Ibérica,
Nordeste Atlantico.

O presente trabalho aborda o estudo de diversos aspectos da
ecologia do polvo-do-alto, Eledone cirrhosa (Lamark, 1798) na costa
noroeste da Peninsula Ibérica, entre o oeste do Golfo da Vizcaya ao
norte de Portugal. O polvo- do-alto € um octépode bentonico que se
distribui ao longo da plataforma e do talude continental em toda a
bacia mediterranica e do Atlantico nordeste, desde Marrocos até a
Noruega, incluindo as llhas BritAnicas e Islandia. No noroeste da
Peninsula Ibéria esta espécie é considerada acessoéria da pesca de
arrasto, direccionada fundamentalmente a captura de pescada
(Merluccius merluccius), tamboril (Lophius sp.) e o lagostim (Nephrops
norvegicus). Os desembarques de polvo- do-alto mostram um padréo
ciclico concordante com o ciclo de vida da espécie, embora o
interesse comercial varie consideravelmente em toda a sua area de
distribuicdo. De acordo com os relatérios do Conselho Internacional
para a Exploracdo dos Mares (CIEM/ICES), os desembarques de E.
cirrhosa nas subareas Vllic e IXa norte atingiram 1.145t em 2013.

No que diz respeito ao tamanho (comprimento do manto, ML) maximo
e parametros reprodutivos (maturacéo, fecundidade e o tamanho dos
ovos / espermatéforos), os individuos das aguas do noroeste da
Peninsula Ibérica tém caracteristicas intermédias aos apresentados
pelos individuos do norte da Europa e do Mediterraneo, o que sugere
um gradiente nas condicBes ambientais ao longo da sua area de
distribuicdo. Este gradiente reflecte-se também nos resultados
encontrados em nossa area de estudo.

Durante a amostragem realizada ao longo de dois anos, foi observada
uma tendéncia significativa para uma propor¢cdo sexual, dominada
pelas fémeas. Na costa noroeste da Peninsula Ibérica, o periodo de
postura da espécie concentrou-se nos meses de maio e junho. De
modo semelhante ao tamanho maximo, o tamanho da primeira
maturacdo sexual aumentou com a latitude em ambos os sexos. No
caso das fémeas, o tamanho da primeira maturacéo variou entre 100
e 134 mm ML, e nos machos entre 91 e 108 mm ML, dependendo da
zona de captura.

A analise das capturas por unidade de esforco (CPUE), obtidas em
campanhas cientificas feitas em diferentes momentos do ciclo
reprodutivo da espécie, mostra variagbes na sua distribuicdo e
abundancia na costa noroeste da Peninsula Ibérico. A modelacao
geoestatistica das capturas descreve a migragdo para menores
profundidades durante época de desova.

A dieta do polvo-do-alto no Atlantico Ibérico, foi estudada pela
primeira vez através da combinacdo da analise visual e molecular do
conteddo do estdbmago. A dieta de E. cirrhosa nesta area é composta
principalmente por crustaceos (74,64%), seguido de peixes (16,84%)
e, em menor propor¢ao, por equinodermes (5,51%), moluscos (4,92%)
e poliquetas (2,09%). A dieta da espécie foi modelada por meio de
regressao logistica multinomial (MLR). De acordo com o modelo
desenvolvido, os principais fatores que afetam aos padrbes
alimentares foram: o estado de maturacdo, os pesqueiros de origem e
a época do ano. Os resultados, em combinacdo com a literatura
existente sobre a distribuicdo das presas, sugerem que E. cirrhosa
ndo é um cacador totalmente oportunista, mas sim um generalista
selectivo.

No presente estudo estimou-se pela primeira vez a idade de E.






cirrhosa analisando os anéis de crescimento na concha vestigial
(bastonete). Foi analisada uma sub-amostra de 122 individuos entre
67 e 950 g, seleccionados a partir de uma amostra total de 2220
individuos, através de andlise de progressdo modal (MPA) para
representar todas as classes de tamanho. A idade estimada variou
entre 106 e 516 dias e as fémeas foram significativamente mais
longevas (17 meses) do que os machos (14 meses). Com base nas
idades estimadas a data de eclosdo dos ovos foi calculada,
concluindo que, embora existam nascimentos durante todo o ano,
eles estdo mais concentrados durante o inverno. A taxa de
crescimento relativo instantanea, isto €, o0 aumento da percentagem
de peso do corpo por dia, estimada para classes de idade de 90
dias, variou entre 0,03% e 2,17%, diminuindo ao longo do ciclo de
vida dos individuos.

Fornece-se informacao nova sobre o comportamento desta espécie,
baseada na observacdo directa de exemplares no aquério. Alguns
individuos iniciaram espontaneamente a postura em abrigos
dispostos no interior dos aquarios. Mais tarde verificou-se que, tal
como no Octopus vulgaris, a espécie oferece cuidados maternais
durante o periodo de desenvolvimento embrionario. Durante este
periodo, as fémeas ficam dentro do abrigo onde depositaram os ovos
e concentram-se no seu cuidado. A espécie tolera as condicdes de
cativeiro, indicando a sua aptiddo para o cultivo tanto para fins
experimentais como comerciais.

Apesar de sua importancia para o sector das pescas, a escassez de
estudos sobre E. cirrhosa faz com que a informacdo apresentada
neste documento constitua um marco na compreensdo do ciclo de
vida da espécie na costa noroeste da Peninsula Ibérica e, portanto,
representa uma importante contribuicdo para o conhecimento global
da teutofauna Ibérica.
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This Ph.D. Dissertation deals on the study of several aspects of the
ecology of the horned octopus Eledone cirrhosa (Lamark, 1798) in the
NW Iberian Peninsula, from western gulf of Biscay to north Portugal.
The horned octopus is a benthic octopod distributed along the
continental shelf and slope throughout the Mediterranean and
northeast Atlantic from Morocco to Norway, including the British Isles
and Iceland. In the NW Iberian Peninsula this species is considered as
a by-catch of trawling fishery, mainly targeting hake (Merluccius
merluccius), monkfish (Lophius sp.) and Norway lobster (Nephrops
norvegicus). Horned octopus landings show a cyclical pattern
consistent with its life cycle, and its commercial interest considerably
varies throughout its geographic range. According to ICES reports,
landings of E. cirrhosa in Vllic and IXa north subareas reached 1145 t
in 2013.

In terms of both body size and main reproductive parameters (such as
maturation, fecundity, and eggs/spermatophores size), specimens of
E. cirrhosa from northwest Iberian Peninsula have intermediate
characteristics to those exhibited by individuals from the north-eastern
Atlantic Ocean and those from the Mediterranean Sea, suggesting
some gradation on environmental conditions. This gradient, in turn,
was also found in our study area.

During the sampling, carried out over two years, a significant bias was
observed in the relative abundance between sexes, always favourable
to females. The spawning season of the species also varies
throughout its range. Specifically, in the northwest Iberian it
concentrates in May and June. Similarly to the maximum size, the
size-at-maturity increased with latitude. This population parameter
ranged from 100 to 134 mm mantle length (ML) for females and
between 91 and 108 mm ML for males, depending on the fishing
ground.

The analysis of catches per unit effort (CPUE) obtained from scientific
surveys and carried out at different times of the reproductive cycle of
the species shows the existence of spatio-temporal variations on its
distribution and abundance in the northwest Iberian sector. The
geostatistical modelling of catches depicts the seasonal migration
performed by mature individuals to shallower waters during the
spawning season.

The diet of the horned octopus in the north-western Iberian Peninsula
was studied for the first time by combining visual and molecular
analysis of stomach contents. The diet of E. cirrhosa in the area was
mainly composed by crustaceans (74.64%), followed by fish (16.84%)
and, to a lesser extent echinoderms (5.51%), mollusks (4.92%) and
polychaetes (2.09%). Multinomial logistic regression (MLR) was used
for modelling feeding trends of the species. According to it, the main
factors affecting feeding patterns were maturity stage, fishing ground
and season. The obtained results, in combination with the previous
literature on the distribution of prey, suggest that E. cirrhosa is not a
totally opportunistic hunter, but rather a selective generalist.

The age of E. cirrhosa was estimated for the first time by stylet
increment analysis. A total of 122 individuals, ranging from 67 to 950
g, were selected from a total sample of 2220 specimens using a modal
progression analysis (MPA), in order to represent all size classes. The
estimated age ranged from 106-516 days and females were
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significantly more long-lived (17 months) than males (14 months).
Based on the estimated ages, hatching date was back-calculated,
concluding that hatchings, although occur throughout the year, are
mostly concentrated during winter. The instantaneous relative growth
rate, i.e. the increase in % body weight per day, estimated for age
classes of 90 days, ranged between 0.03% and 2.17%, decreasing
throughout the development of individuals.

New behavioural information on this species is provided based on the
observation of live specimens under confined conditions. E. cirrhosa
spontaneously spawned within the shelters arranged inside the tanks.
The species do nesting and care their eggs in a similar way to Octopus
vulgaris. During this breeding period the female remains inside the
shelter, taking care of the eggs. The species easily adapted to
aquarium conditions, suggesting its suitability for rearing with either
experimental or commercial purposes.

Despite its importance for the fishing sector, the scarcity of studies
focused on this species makes the information offered in the present
work an important milestone in understanding the life cycle of E.
cirrhosa in NW Iberian Peninsula, and, therefore, it represents a
meaningful contribution to a comprehensive knowledge of the Iberian
teuthofauna.
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Resumen

Cefalopodos, Eledone cirrhosa, ecologia, ciclo reproductivo,
crecimiento, edad, distribucién, dieta, Peninsula ibérica Noroeste,
Atlantico Noreste.

En la presente tesis se aborda el estudio de diversos aspectos de la
ecologia del pulpo blanco, Eledone cirrhosa (Lamark, 1798), en el
noroeste de la peninsula ibérica, desde el oeste del mar Cantabrico
hasta el norte de Portugal. El pulpo blanco es un octépodo benténico
gue se distribuye a lo largo de la plataforma y el talud continental en
toda la cuenca mediterranea y el Atlantico noreste, desde Marruecos
hasta Noruega, incluyendo las Islas Britanicas e Islandia. En el
noroeste de la peninsula Ibérica esta especie es considerada como
una captura incidental de la pesca de arrastre, centrada
fundamentalmente en la captura de merluza (Merluccius merluccius),
rape (Lophius sp.) y cigala (Neprops norvegicus), aunque su interés
comercial varia considerablemente a lo largo de su é&rea de
distribucion. Las descargas de pulpo blanco muestran un patrén
ciclico, acorde con el ciclo de vida de ésta especie. De acuerdo con
los informes de ICES, las descargas de E. cirrhosa en las subareas
Vllic y IXa alcanzaron las 1145t en 2013.

Tanto en lo referente a la talla maxima, como a diversos parametros
reproductivos, los ejemplares de E. cirrhosa de las aguas del noroeste
de la Peninsula Ibérica presentan caracteristicas intermedias a las
exhibidas por los individuos provenientes del norte de Europa y del
Mediterraneo, sugiriendo un gradiente en las condiciones
ambientales. Dicho gradiente se ve a su vez reflejado en los
resultados encontrados en nuestra area de estudio.

Durante los muestreos, efectuados a lo largo de dos afios, se observé
ademas un importante sesgo en la abundancia entre sexos, siempre
favorable a las hembras. La época de puesta de la especie también
varia a lo largo de su area de distribucion. Concretamente en el
noroeste ibérico se concentra durante Mayo y Junio. De manera
similar a la talla maxima, la talla de primera madurez sexual aumento
con la latitud, de manera que para las hembras fue de entre 100 y 134
mm ML y para los machos de entre 91 y 108 mm ML, dependiendo de
la zona de captura.

El andlisis de las capturas por unidad de esfuerzo (CPUE), obtenidas
en campafias cientificas efectuadas en diferentes momentos del ciclo
reproductivo de la especie, muestra variaciones en la distribucion y
abundancia en el sector noroeste Ibérico. El modelado geoestadistico
de las capturas identifica una migracion estacional a aguas mas
someras efectuada durante la época de puesta.

Se estudio por primera vez la dieta del pulpo blanco en el Atlantico
ibérico, mediante la combinacion del analisis visual y molecular de los
contenidos estomacales. La dieta de E. cirrhosa en este area esta
principalmente compuesta por crustaceos (74,64%), seguidos por
peces (16,84%) y, en menor medida por equinodermos (5,51%),
moluscos (4,92%) y poliquetos (2,09%). La dieta de la especie fue
modelizada mediante Regresion Logistica Multinomial (RLM). Segun
el modelo desarrollado, los principales factores que afectan a los
patrones de alimentacion fueron: el estado de madurez, el caladero de
origen y la época del afio. Los resultados obtenidos, en combinacién
con la bibliografia existente acerca de la distribucion de las presas,
sugieren que E. cirrhosa no es un depredador totalmente oportunista,
sino mas bien un generalista selectivo.

En el presente estudio se estim6 por primera vez la edad de E.
cirrhosa mediante el analisis de anillos de crecimiento en el estilete.
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Un total de 122 individuos de entre 67 y 950 g fueron seleccionados
de una muestra total de 2220 especimenes, mediante un analisis de
progresion modal (MPA) para representar todas las clases de talla. La
edad estimada varid entre 106 a 516 dias y las hembras resultaron
significativamente mas longevas (17 meses) que los machos (14
meses). En base a las edades estimadas se calculé la fecha de
eclosion, concluyendo que, aunque hay nacimientos durante todo el
aflo, éstos se concentran mayoritariamente durante el invierno. La
tasa de crecimiento relativo instantaneo, es decir, el incremento en %
del peso corporal por dia, estimado para clases de edad de 90 dias,
oscilo entre 0,03% y 2,17%, disminuyendo a lo largo del desarrollo de
los individuos.

Se aporta nueva informacion acerca del comportamiento de la especie
en base a la observacion en acuario de ejemplares vivos. Algunos
individuos realizaron la puesta de manera espontanea en el interior
de los refugios dispuestos dentro de los tanques. Se pudo comprobar
gue E. cirrhosa realiza el anidamiento y cuidado de la puesta de
manera similar a O. vulgaris. Durante éste periodo la hembra
permanece en el interior del refugio en el que deposita los huevos y
se dedica a su cuidado. La especie tolera bien las condiciones de
cautividad, lo que sugiere su aptitud para el cultivo, ya sea con fines
experimentales o comerciales.

A pesar de su importancia para el sector pesquero, la escasez de
estudios centrados en ésta especie hace que la informacion
presentada en éste documento constituya un hito en el conocimiento
del ciclo vital de E. cirrhosa en el noroeste ibérico y, por lo tanto,
representa una importante contribucién para el conocimiento global de
la teutofauna ibérica.

Xiii



Xiv



Index

Agradecimentos [

Resumo iii
Summary vii
Resumen Xi
I ndex Xvv
List of Figures Xixx
List of tables XXi
CHAPTER 1. Foreword, objectives and structure of the thesis 1
Foreword 3
Objectives 8
Structure of the thesis 9
References 10
CHAPTER 2. Studied area and species introduction 13
The studied area 15
The species 21
Description 21
Systematics 27
Ecology 29
Fisheries 41
References 44

XV



CHAPTER 3. Reproductive cycle 57
Reproductive traits of horned octopus Eledone cirrhosa in Atlantic Iberian waters 59
Abstract/Sumary 59
Introduction 60
Material and methods 62
Results 64
Discussion 74
Acknowledgments 79
References 80
CHAPTER 4. Habitat and Distribution 87

Habitat selection and population spreading of the horned octopus Eledone cirrhosa (Lamarck,

1798) in Galician waters (NE Atlantic) 89
Abstract 89
Introduction 90
Material and methods 92
Results 97
Discussion 101
Acknowledgements 105
References 105

CHAPTER 5. Diet and feeding 111

Diet of the horned octopus Eledone cirrhosa in Atlantic Iberian waters: ontogenetic and

environmental factors affecting prey ingestion 113
Abstract 113
Introduction 114
Materials and Methods 117
Results 121
Discussion 124
Acknowledgments 130
References 130

XVi




CHAPTER 6. Age and Growth 137
Determination of age and growth of the horned octopus Eledone cirrhosa (Cephalopoda:
Octopoda) using stylet increment analysis 139

Summary 139
Introduction 140
Material and Methods 141
Results 145
Discussion 152
Acknowledgements 155
References 155

CHAPTER 7. Experience in aquarium 159

Some records on the behaviour of the horned octopus Eledone cirrhosa in captivity ____ 161
Abstract 161
Introduction 162
Material and Methods 163
Results 164
Discussion 167
Acknowledgments 170
References 170

CHAPTER 8. Final conclussions 173

Reproduction 175

Habitat and distribution

Diet and feeding

Age and growth

Behaviour

iError! Marcador no definido.
iError! Marcador no definido.
iError! Marcador no definido.

iError! Marcador no definido.

XVii



XViii



List of Figures

Figure 2.1 Shaded relief map from GEBCO Digital Atlas datae fishing ports where 16
the samples for the study were obtained are atfiodted on the map (After Rey et al.
2014)

Figure 2.2.(A) Schematic map of the Canary Basin showing the mairents; B) Map 20
of sea-surface temperature over the eastern Atlanti

Figure 2.3.Eledone cirrhosgLamarck, 1798)I{ lateral view (A). Tip of an adultarm 22
(B) and hectocotylus (C). (After Guerra, 1992))) Specimerof Eledone cirrhosa
photographed in aquarium.

Figure 2.4.Schematic view of the reproductive tract of a fesr({@) and a male (B) of 23
Eledone cirrhosa

Figure 2.5.Dissected ovary and spermatangia found inside 24

Figure 2.6.Eledone cirrhosa, lateral, dorsal, ventral, mantle cavity and eraivs, 33
prehatchling (Stage XIX), 3.2 mm ML, Mediterranebntateral, dorsal, and ventral
views, hatchling, 3.8 mm ML, English Channel.

Figure 2.7.Composite model of the life cycle Bfedone cirrhosgroposed by Boyle 35
(1983) based mainly on data from the northern paijmuri.

Figure 2.8.Distribution range oEledone cirrhosa(Extracted from Belcaet al, 2015) 36

Figure 2.9.Eledone cirrhosdandings and number of vessels in Galicia (NWitver 44
Peninsula) during the period 2001-2015.

Figure 3.1.North west iberian waters showing the samplingssih north Galician waters 63
(NGW), west Galician waters (WGW) and west Portsgueaters (WPW).

Figure 3.2.Sex ratio temporal variation in NGW (performednfré&eb/09 until Dec/10), 68
WGW (performed from Feb/09 until Jan/11) and WPWr{grmed from Mar/10 until
Jul/11).

Figure 3.3. Temporal variation in Maturity stages for maled &males for NGW 69
(Feb/09 until Dec/10), WGW(Feb/09 until Jan/11) adBW (Mar/10 until Jul/11).

Figure 3.4.Relationships between Potential fecundity (PFgites size and 72
spermatophores size versus mantle length (ML).

Figure 3.5.Temporal variation of Gonadal (GSI and HI) and dbod indexes (DGI) for 75
males and females in NGW, WGW and WPW.

Figure 4.1.Monthly landings oEledone cirrhosaegistered in Galician harbors during 91
the period 2001-2010 (data source: www.pescadégalin).

Figure 4.2.Data from three series of surveys have been caeslde infer spatial- 93
temporal patterns d&ledone cirrhosan North-western Iberian. The map shows hauls
distribution by survey through sampling areas.

Figure 4.3.Estimated smoothing functions fok) Latitude (UTM_LAT) and B) Net 100
Primary Production (NPP) applied to G1 GAM model.

XiX



Figure 4.4.Maps of abundance developed by applying GAMs oaptuwe and 103
environmental data and ordered by representinggibgical stageA: G3 (June-July);
B:G2 (August-September(i: G1 (SeptemberD:C 06,E: C 07 and~: C 08 (Oct-Nov).

Figure 5.1.Map showing the location of the fishing ports wheaenples for this study 118
were obtained.

Figure 5.2.Diet composition oEledone cirrhosaccording to the three significant 127
variables highlighted by Multinomial Logistic Regren (MLR) model: Maturity stage
(a), Fishing groundl) and Seasort).

Figure 6.1.Location of the fishing ports where tB¢edone cirrhosapecimens were 143
between March 2009 and March 2010. Trawling fislgngunds catalogued in each zone
are indicated.

Figure 6.2.Composite image of aBledone cirrhosastylet preparation. 144

Figure 6.3.Relationship between counted area (CA) and numbesunted growth 146
increments in the stylet section@Bliedone cirrhosa

Figure 6.4.Scatterplots showing estimated age (d) of ddeldone cirrhosapecimen 149
versus BW in gramsA) and DML in millimetres B).

Figure 6.5.Mean age per maturation stage by sex and fishiogngt. 149

Figure 6.6.Hatching date histogram, resulting from back-calttah according to capture 150
data and estimated age of the 122 successfullyElgeldne cirrhosapecimens.

Figure 6.7.The graphics illustrates the application of MPAagwroxy for defining age 151
classes ireledone cirrhosa

Figure 6.8. Eledone cirrhosanstantaneous relative growth rate (G) in BW (% BVY 152
and trending lines per 90 day age classes.

Figure 7.1 Eledone cirrhosattack sequence to a crab. 165

Figure 7.2.Eledone cirrhosdemale inside a shelter. Egg strings were locatethe 166
ceiling. This animal showed severe skin lesions.

Figure 7.3.Sequence of images showing the nesting behavidbledbne cirrhosaThe 167
female collected several available materials frbeirtenvironment sealing the entrance
of the shelter.

XX



List of tables

Table 2.1Main water masses in NW |berian waters. 17

Table 2.2 Sampling methods, number of early-life stage imigls collected and 32
abundances dEledone cirrhosdrom the literature.

Table 2.3 Main ecological and reproductive characteristicdbath North Atlantic and 37
Western mediterranedtiedone cirrhosgopulations.

Table 3.1 Number, size and weight data of individuals saehby sex, season and 66
maturity stage by sampling site.

Table 3.2 Length-weight fitting adjustment for males andchédes in NGW, WGW and 67
WPW.

Table 3.3 Logistic fit parameters and Mg, and BWq, for males and females in NGW, 70
WGW and WPW.

Table 3.4 Overall reproductive outputs and potential/remtfecundity for males and 71
females in each sampling location

Table 3.5.Standardized residual correlations parameters. 73

Table 3.6.General reproductive and ecological traitsofcirrhnosafrom three different 79
studied areas

Table 4.1.Data from a total of six surveys, correspondingvto series, were considered 94
in order to infer temporal and spatial variationsdistribution and abundance of the
octopusEledone cirrhosan north-western Iberian waters. The table showsramary of

the surveys, with information about dates and zeviesre capture data were obtained.

Table 4.2. Capture data were obtained from two series of sgnearried out in two 94
different boats. Table shows a description of tbgsels and fishing gear used. According
to their characteristics, data obtained in all sixveys series were considered as
comparable.

Table 4.3.A set of environmental variables was added to @awtiel, in order to consider 96
their influence on the distribution and abundandéeEo cirrhosa throughout their
reproductive season. Table shows a summary of amwiental variables collected for
each survey and source description.

Table 4.4. Autocorrelation matrix between layers of environta¢rariables included in 96
the distribution models.

Table 4.5.Average individuals per mile (Mean +S.D.) Bf cirrhosaby depth stratum 99
for G and C surveys.

Table 4.6.Average biomass in grams per mile (Mean+S.DE .ofirrhosaby depth strata 99
for G and C surveys.

Table 4.7.Average weight of captured individuals in grams &#eS.D.) of E. cirrhosa 99
by depth strata for G and C surveys.

XXi



Table 4.8. Summary of Generalized Additive Models (GAMs) fittéo catches of the 100
horned octopug. cirrhosa obtained during two series of trawl surveys comeldidn
Galician Waters.

Table 5.1. Percentage of occurrence (%F), percentage by nur(fiddy), weight 122
percentage (%W), and index of relative importarigd) (and feeding coefficient (Q) of
prey in the diet oEledone cirrhosa.

Table 5.2.Likelihood Ratio Test (LRT) between the final ahe reduced model. 124

Table 5.3. Eledone cirrhosafeeding patterns. Full model parameters estimatmn 125
Multinomial Logistic Regression (MLR)

Table 6.1.Summary of size classes detected per month onfeshihg ground for males 148
and females oEledone cirrhosa

XXii



CHAPTER 1. Foreword,
objectives and structure

of the thesis



The ecology of the Horned Octopus, Eledone cirrhosa (Lamarck, 1798) in Atlantic Iberian Waters



Foreword, objectives and structure of the thesis

Foreword

Oceans have traditionally been considered as aallytendless source of resources;
vast and productive enough to satisfy all the detwasf society, which ever have had any
constraint to request. Throughout the history, tble of seas in many aspects of the
development of human civilization has been notafd¢,only as a food source, but also as
a path for trade routes, channel of knowledge exghaor, in the last decades, as chief
asset for the tourism sector. To our misfortuneegent times we have witnessed how our
activities have caused an increasingly clear respaver marine environments. These
facts have been gradually noticed by society, algjhounfortunately without reaching the
desirable grade for promoting a reaction to anrivaonal level. The precariousness with
which these changes have been perceived until a®well as the time scale at which they
occur and the intricate web of interdependence gnitsrcomponents, enormously hinders
the study of many phenomena whose machinery only isobeginning to be posed.
Variations in temperature and sea level associat@eeather phenomena of unpredictable
magnitude, ocean acidification, alteration in globeeans circulation or the introduction
of allochthonous species; all of them have poténtidestabilizing consequences over
ecosystems. These factors together with the oviiéxion of resources, chemical
pollution and rubbish accumulation, constitute th&in threats to the marine environment
caused by human. Given the high number of elemientdved in all these processes,
complex by definition, and due to both its triggarsl its ultimate consequences, eventual

synergies are even more unpredictable.

In this context, our understanding of ecosystem@nfa point of view of both the
knowledge of its parts and how they interact, ari@e an important milestone in order to
pose a suitable management strategy. At the prese®t, technological advances
constitute a crucial source of information on whictodern science is based for our
understanding of this complex scenario, from theettgpment of genetic techniques, that
allow the assignment of each organism to a spegfaup and level (i.e. species,
population, breed, etc.), to Geographic Informatystems (GIS) and remote sensing,
which currently allow us the continuous monitorisfignany variables at different levels of
resolution. Their application on the study of bgittal systems requires highly trained and
exclusive focussed staff, a fact that has paraddlyited to a segmentation of surveys, on
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the other part necessary, which by themselves @antyprovide partial or biased answer to
frequently challenging questions. Consequentlyretheppears to be a strong consensus
around the recognition that a multidisciplinarynfi@work for such studies is required
(Coelho, 1999; Guerra, 2014).

Just over 100 million tonnes of fish are eaten dwrvide each year, providing 2.9
billion people with at least 20% of their average papita animal protein intake. This
contribution is even more important in developimgiatries, especially small island states
and in coastal regions, where frequently over 50%eople's animal protein comes from
fishing (FAO, 2014). Fishing and fish farming cobtite to food security by directly
increasing people's food supplies, providing highyritious animal protein and important
micronutrients while doing so. Fish food also "fill the gaps" during times when other
food is scarce. Finally, fishing and aquaculturevite jobs and income that people use to
buy other foods. Concerning to cephalopods, wartal tcatches exceeded 4 million tonnes
in 2012. The share of cephalopods (squid, cuthedisd octopus) in world fish trade was
about 3 percent by value in 2012, being Spainy kald Japan the largest consumers and
importers of these species. Catches of octopudashwvat the global level are more stable
than those of squids, come mainly from the Northesific and Eastern Central Atlantic
(FAO, 2014). The abovementioned might be enougtvatch over the health of marine
ecosystems, however apart from fishing productivstyastal and shelf waters, combining
benthic and shelf pelagic (neritic) biotas, hoamstmarine biodiversity and where there
is often a complex synergy of threats far gredtantin offshore waters (UNEP, 2006). In
fact, from a biodiversity perspective, it is nomgly that coastal and shelf waters have
greater species numbers and higher productivity,also that they are biogeographically

distinct from the adjacent high seas and deep keetlivironments (Briggs, 1974).

Cephalopods are marine organisms, rarely preselawnsalinity waters, that can be
found from equatorial areas to polar latitudesllatiegpths, from the surface layers of the
ocean to deep waters (Boyle and Rodhouse, 200phab@pod populations are more labile
than those of long life fish species (Rodhouse,02@iLie to special features of their life
cycle, such as early and/or semelparous breedagd rgrowth, short lifespan and
subsequent little overlap of generations and tloeeefapid population turnover. While
many fish populations have been reduced as a reSuiverfishing, there are evidences
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indicating that many cephalopod stocks are incngasis a result of the reduction of
predatory pressure and competition for food (Rodkoet al., 2014). In consequence, in
the last decades worldwide fisheries have incre#tseid pressure over many cephalopod
populations (Caddy and Rodhouse, 1998), by using reffective fishing gears, ships and
detection methods and also by opening up new maikbes for fishery products. Large-

scale atmospheric and oceanic processes and lodabemental variation appear to play

important roles in species—environment interactiifigrce et al., 2008). Thus, loliginid

and sepiids are present in temperate and warm sydler latter being absent in the polar
areas and curiously in American waters, while osgbpquids appear highly associated to
upwelling events and water temperature seems nbetas limiting as for other groups.

Distribution of octopuses is widespread, from pdlartropical areas and from shallow

coastal waters to pelagic forms inhabiting operanseat different depths. Some schooling
cephalopod species, particularly squids, suppopbmant fisheries worldwide, which are

largely exploited and therefore an adequate mandorand assessment of these
populations is needed. Cephalopod catches havengoowgressively in the last 40 years,
from about 1 million metric tonnes in 1970 to ménan 4 million metric tonnes in 2012

(FAO, 2012, 2014)

The majority of cephalopods are active predatorsmiarine environments, except
nautiluses and maybe some oceanic squids fagnapinnasp.). They are exclusively
carnivorous animals that generally exhibit rapidvggth and high metabolic rates and
therefore a high energy demand (O'Dor and Webl®#86)1L Cephalopods have a very
important role in marine food chains, both as predaand as prey for higher predators.
Most of them are largely muscular and thereforepaictein-rich, and some species with
large digestive glands provide a notable amouniipids (Boyle and Rodhouse, 2005),
offering a large and accessible source of energhigber predators. Moreover, some
species are the largest among the invertebratEgt dhat, in combination with its short
life cycle, indicates their high metabolic ratesg@nting high rates of food conversion and
representing a high-energy food source. Therefarany cephalopods constitute an
important source of food for many marine predasarsh as some seals and toothed whales
and seabirds (Boyle and Rodhouse, 2005). On thex bmd, the influence of cephalopods
on global fisheries must be assessed not only imsteof amount of catches, but also

through their influence over different fisherieqelimpact of shoaling, migrating squids
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over other populations of fishable species can desiderable. However, the unassessed
effect that these squids might produce during thaity life stages in pre-recruited fish is
probably much higher (Clarke, 1996).

Important cephalopod fisheries are carried out mumber of places usually linked to
particular oceanographic events. Mesoscale ringseddies linked to high-energy current
systems generate local upwelling events, which suplarge exploitable cephalopod
populations. Thus, large ommastrephid squid figlserappear associated to western
boundary current systems, suchTaglarodes pacificugh Japan ofllex argentinusandl.
lllecebrosusin eastern American coasts. Eastern boundary rasrr@so support major
cephalopod fisheries, namelyosidicus gigasand Loligo opalescensn the western
American coasts dDctopus vulgarisn the Eastern Atlantic (Boyle and Rodhouse, 2005)
Nevertheless, although various cephalopod stoekaissessed worldwide, the current low
level of fishery data collection on European ceppalls, coupled with the high data
demands imposed by their short life-cycles, medrad tany analytical assessment is
currently impractical (ICES, 2010). The assessnwntephalopod stocks in the ICES
region is not only important for sustainability tife directed cephalopod fisheries (i.e.
Sepia officinalisn the English Channel, coastal fisheries @mtopus vulgarisandLoligo
vulgaris, andLoligo forbesiifisheries in various locations along the UK caabt)t also
because of the thophic role that cephalopods playarine food webs (ICES, 2010).

However, despite their increasing demand in varisestors, cephalopods living in
European waters are not generally well-managed ginoas other marine resources, as
well as many teleostean fish species. The Eurofpfaan marks a Common Fisheries
Policy (CFP), a set of rules for managing Europisining fleets and for conserving fish
stocks, aiming to ensure that fishing and aquacribie environmentally, economically
and socially sustainable and that they provide wcsoof healthy food for EU citizens.
Because of the complexities involved, ecosystenedbdtsheries management (EBFM)
integrating social, economic and ecological comnsitilens is desirable for cephalopod
fisheries. An ecological approach to managemembusine in many fisheries, but to be
effective, good scientific understanding of theatieinships between the environment, the
trophic dynamics and population dynamics is esaknfihe present project is posed as a
first step aimed towards an EBFM and thereforehima EAO Code of Conduct, which
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highlights the importance of managing fisheriesiresponsible manner and respectful of
the environment (Garcia et al., 2003). EBFM is & mirection for fishery management,
essentially reversing the order of managementipdsrto start with the ecosystem rather
than the target species (Pikitch et al., 2004).r&uly, there are not yet defined the
conditions needed to achieve the objective of lzefies management focussed on a single
species, regarding to the acquisition of biologatameters, tools that allow modelling
and fisheries management. In particular, identiiica of species in the catches and
biological sampling in a relevant spatial scalesasnething already widespread in many
population units. Thus, fisheries management tegles have adapted to cephalopods
populations and diagnosis of fishing pressure tackvimumerous species are subjected,
especially, cuttlefish and octopuses. The revisiwhih are currently available underline
that the life cycles of species may be useful iersustainable exploitation of cephalopods

as resource.

The majority of researche on cephalopods has beewcecmed with economically
relevant and coastal-living species (Nixon, 198ny therefore important gaps do exist on
the life history of many of them. The horned oct®pfledone cirrhosaconstitutes a good
example of this fact. So, despite its relative @toit interest in the Iberian Atlantic, there
iIs an almost complete lack of information regardmetevant traits of its life cycle and
ecological particularities. In Spain some papergehleen published concerning to this
species in the Mediterranean (Sanchez, 1986; Saratha., 2004). The most remarkable
contribution to the knowledge of this species ifaAtic Galician waters wer&alicia
surveys, undertaken between 1972 and 1976 by #tiubo de Investigaciones Pesqueras
(Pérez-Gandaras et al., 1980). This series of gamminly focused on the abundance and
distribution of demersal resources for fishery j@msgs in the region based on trawl
catches. Since different surveys were carried autlifferent seasons, comparisons in
abundance and distribution in different ontogenstages were possible. In Portuguese
waters we can only find some scattered informatiorgeneral fisheries reports from
government agencies (e.g. LLN.E., 2011) and in sqmblished works focused on
modelling trawling fleet activity (Fonseca et &Q08). In both caseSctopus vulgarisk.
cirrhosa and most probabliledone moschatare usually reported together. As far as we
know, the only work ork. cirrhosain Portugal is the Master Thesis of Cabido (1984).

This work, besides this species, also deals Withmoschataand O. vulgaris Cabido’s
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work is quite ambitious, ranging from taxonomy, piwlogy and internal anatomy to
fishing gear, through the most relevant parametégopulation dynamics (reproduction,
growth, age and diet), but also aspects on thehbioacal composition of the edible
portion of the three species. The bibliographio®fis large and occupies much of the
work. However, it contains some relevant informateboutE. cirrhosa extracted from

the analysis of the specimens caught during fiseurgeys undertaken from 1981 to 1983.

This Ph. D. summarizes the main results and coiatissobtained in relation to the
ecology ofE. cirrhosg through the analysis of its reproductive cyclestrtbution and
ontogenetic migration, population age structure @oghic role as a predator, as well as
some behavioural observations under confined comdit The information presented
herein constitutes a milestone in our understandihghe life cycle of this species in
northwest Iberian Peninsula, and it comes to fudiil existing gap on this subject.
Moreover, it represents a relevant contributionthe global knowledge of the Iberian
teuthofauna.

Objectives

The objectives of this work were:

1. To define ranges of size and weight, as well ag teéationships, of the horned
octopus Eledone cirrhosain NW Iberian Peninsula based on the analysis of
samples obtained from three different locationinithe studied area.

2. To characterizeE. cirrhosa gonadic maturation process on the basis of the
assessment of visual analysis of the gonads amddeqtive indexes.

3. To define the spawning season and the reprodudfimamics of the species in the
studied area.

4. To define spatio-temporal distributional patterrasdd on the analysis of geo-
referenced catches per unit effort (CPUE) of expental fishing surveys and
environmental variables.

5. To estimate age and growth of the species durtngivienile and adult stages using

growth increments in stylets, and to obtain neviginis into population structure as
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well as on several aspects of the lifecycle of #pgcies, such as life span and
hatching season, in north-western Iberian Peninsatars.

6. To provide a comprehensive view of the roleEofcirrhosain the marine trophic
web through the identification of its diet compasit in Atlantic Iberian waters,
based on both visual and genetic identificatiorgof contents from wild caught
animals, and testing the horned octopus feedingenpat using Multinomial
Logistic Regression.

7. To provide new information on hunting, spawning arebting behaviour oE.

cirrhosaunder laboratory conditions.

Structure of the thesis

This thesis is divided in eight chapters, includthg current one, chapter one, which
comprises a general foreword and justification loé twork, the statement of main
objectives and the structure of the thesis. Therstchapter addresses the presentation of
the considered area and the species under studly.dfe of the following chapters deals
on a particular aspect of the ecologyEofcirrhosain the studied area. They all are in the
format of scientific publications, four of whicheagalready published and one submitted.

Chapter eight presents the main conclusions egtldobm the study.
Below is the list of chapters and topics that thdgress:
Chapter 1 Foreword, objectives and structure of the thesis.

Chapter 2 Introduction about the main biological and ecatagtraits of

the species: Description, Taxonomic position, egpland fisheries.
Chapter 3 Reproductive cycle d&. cirrhosain NW Iberian waters.
Chapter 4 Distribution and ontogenetic migration events.
Chapter 5 Diet and feeding trends &. cirrhosain NW lberian waters.

Chapter 6 Age and growth determinations and populationcstme of
NW IberianE. cirrhosa
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Chapter 7: Notes on the behaviour Bf cirrhosa under aquarium

conditions.

Chapter 8: Final Conclusions.
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Studied area and species introduction

The studied area

The studied area includes the continental shelf #uyedslope of the north-western
quadrant of the Iberian Peninsula, from the wesfmrt of the Bay of Biscay to the
northern third of the Portuguese coast in the Nlaraic (Figure 2.1).

The objectives of this work fall within the ecologaich is a branch of biology dealing
with the relations and interactions between orgasisand their environment, including
other organisms. Consequently, in order to achéepeoper understanding of that holistic
scenario and how its components relate, acknowt#genvironmental characteristics
where a specific species inhabits becomes a stmtengssity. For this reason, this section
will provide a descriptive overview of the studyear firstly from a geomorphological
point of view, then describing its main water badi@nd climatic characteristics, and

finnaly a view of the main oceanographic eventsilteg) from their interaction .

From a geomorphological point of view, the contitarshelf of the studied area is
considered as a flat zone and slight slope whidbnels from infralitoral fringe to shelf
break—upper slope zone. Based on depositional ggeseand the morphology that
originates, this zone has been classically divitethree main sectors: (i) Internal shelf,
from the infralitoral border until about 50 m dep(h) intermediate shelf, until about 100
m depth, although high sedimentary-diversity urcartinental influences makes its exact
limit uncertain; and (iii) external shelf, untilamd 200 m depth and with a merely marine
sedimentation dynamics (Rey, 1993). Besides, tméirental slope is the seaward border
of the continental shelf, at which upper edge subraacanyons arise and extend up to
4,000 m in depth. Moreover, several bathymetri¢uiess stand out in the Atlantic Iberian
Margin, beyond the shelf. The most striking is seamounts area, with the Galicia Bank
among them. The Galicia Interior Basin separates skamounts region from the
continental shelf, which is relatively narrow (3@-km wide) in this zone, with a well-
defined shelf break located at water depths of 180-m. The continental shelf in the
western part of the Bay of Biscay attains largdeersion and reaches about 70 km wide.
In consequence, the continental shelf in this zoaaly comprises large submarine plains
in the external shelf and upper border of the camtial slope, between 100 and 500 m

depth, with plain topography and mostly free ofkscThese sub-aquatic, sandy and
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muddy plains constitute the main fishing grounds tfawling commercial flee(Farifia
Pérez, 1996).
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Figure 2.1. Shaded relief map from GEBCO Digital Atlas data. GB, Galicia Bank; VGB, Vasco da
Gama Bank; VB, Vigo Bank; PB, Porto Bank. The fishing ports where the samples for the study
were obtained are also indicated on the map. Extracted and modified from Rey et al. (2014).
Oceans are not a continuous volume of water. Thearoavater is maintained
continuous motion, mainly driven by the movement Edrth's rotation (which ac
differently and even in opposite way in the deepamcand on the surface) ethe constant
or planetary winds. This general pattern is aldecéd by the location of the contine
and the configuration of their coasts. Throug this dynamic process, a number of wz
bodies are generated with different phy-chemical properéis, which in turn define ho
the different water bodies behave and interact. dseanographic water mass is
identifiable body of water with a common formatieistory, which has physical properti
distinct from surrounding water. These propertiegude temperature, salinity, chemi-
isotopic ratios, and other physical characteristiteerefore, salinity and temperatt
define the density of a given water body and, inseguence, its relative location in

water column.
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The water masses surrounding the NW corner of begidn Peninsula were first
described by Fraga (1987), who defined their temdpee, salinity and equilibrium depth.
Fraga also highlighted the importance of Finistesoeanographic discontinuity as the
more important phenomenon in NW Iberian coastse8as this author, Rest al. (2014)
distinguished a number of water masses distribuntddree different levels depending on
the depth. Table 2.1summarizes the main charaitsrf these water masses.

Table 2.1 Main water masses in NW Iberian waters (After Rey et al. 2014).

Potential

.
Water massses Depth (m) temperature (°C) Salinity (%)
Eastern North Atlantic Central Water (subtropical
Surface branch)(ENACWSst) <300 13.13-18.50 35.80-36.75
waters Eastern North Atlantic Central Water (subpolar
branchXENACWsp) <400 10.00-12.20 35.40-35.66
Intermediate ;o jiterranean WatdMw) 400-1500  9.5-13.5 35.8-37.5
waters
Labrador Sea WaterL§W) 1500-3000 3.4 34.89
Deep waters
North Atlantic Deep WateiNADW) <3000 2.2 34.91

North-west Iberian Peninsula is located on the me#dstern boundary of the North
Atlantic subtropical gyre. This region has an inmpot hydrologic and biogeochemical
activity, mainly attributable to the coastal upwell system which seasonally takes place
in the area, generating an important primary prodogc and related to the presence of
Eastern North Atlantic Central Water (ENACW) neé&e tcoast. This Canary-Iberian
upwelling system (Figure 2.2) comprises NW Africaasts and SW Europe. Latitudinal
change that occurs along this stretch of trade svoadises the seasonal upwelling at either
ends of the subtropical gyre, while in the cenpait the upwelling is relatively constant
throughout the year (Wooster et al., 1976). North@nds blowing parallel to the coast
drag warmer, usually nutrient-depleted superfigiater layers westwards, due to Coriolis
effect, to being replaced by dense, cooler, andiemttrich ENACW. This coastal
upwelling occurs mainly during spring—summer morgleng the western and northern
coast of the Iberian Peninsula, although it is nfegquent and intense along the western
coast than in the northern one (Alvarez et al.,020Thus, our study area represents a
gradient with respect to the influence of the caastpwelling. Moreover, coastal
upwelling follows the north—south migration of thienospheric pressure systems along the

eastern boundary of the North Atlantic sub-tropiggite (Aristegui et al., 2009). North
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Atlantic oscillation (NAO) modulates climate andeanography variability of the region,
particularly in winter, and is defined by the relatdifference of atmospheric pressure at
sea level between the Icelandic low and the Azbrgk pressures. Based on fluctuations
in both intensity and relative position of thesegaure systems, the strength and direction
of westerly winds and storm tracks across the NAttantic, two phases can be identified:
one positive and other negative. During the posiphase, winters are cold and dry with
weaker winter storms. During the negative phasatess in NW Iberia are wet and warm
with intense storms increasing riverine discharge sediment resuspension on the shelf
(Otero et al., 2010; Trigo et al., 2004).

Furthermore, a number of other oceanographic evemts effects in the NW Iberian
corner, especially in the continental shelf dynamnithe Atlantic Iberian sector may be
separated into the Galician and Portuguese (wesitcgub-regions, both of which are
strongly influenced by freshwater runoff causingcatied river plumes. Although these
sub-regions are quite similar in most respectsfdhaer is distinguishable by the presence
of the Galician Rias, wich are drowned tectonideyal of moderate depth with a positive
estuarine pattern influenced by the fresh wateutsyplue to rivers contribution (e.g.
Verdugo, Oitavén, Tambre, Lérez, Ulla, etc.). Téssuarine circulation strongly interacts
with the shelf up/downwelling circulation and biogbemistry (Aristegui et al., 2009).
The mark between these two sub-areas is the MifierRiith an annual average discharge
of 430.8 ni s* (ranging 100-1,000 is?). In the Portuguese subarea the main river is the
Duero with a flow of 710 ths® (ranging 50-3,000 fhs?). Fresh water discharge of both
rivers is hightly dependent of the rainfall pattein their respective hidrographic basins
(Rey et al., 2014).

Together with seasonal upwelling and river plunties,lberian Poleward Current (IPC)
is the last major coastal process occurring inatea. IPC appears like a warm anomaly
flowing poleward mainly in December-January, althlouit actually starts as an
undercurrent with a core at around 200 m deptmduate summer. By this time, the shelf
and upper slope are still occupied by the southvilamwling upwelling jet. Starting from
December, average winds change from northerly totheoly direction promoting
poleward flow over the shelf and upper slope. Dyitilese months, under favorable wind

conditions, the IPC core migrates vertically, fréine shelf break depths to the surface,
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becoming a surface intensified jet. From Februaryay, the current weakens and part of
it propagates offshore (Teles-Machado et al., 2088)that, IPC is a narrow, slope-trapped
tongue-like structure that flows northerly alongliatance in excess of 1,500 km off the
coasts of the Iberian Peninsula and SE Francs. dtsalty surface current (about 200 m
deep), geostrophically trapped by the bathymetiscahtinuity at the shelf break—upper
slope zone and capable of transporting very fireeagd detrital material in suspension
(Rey et al., 2014).

Specimens oft. cirrhosa for this study were obtained at three-four poBsiréla,
Ribeira or Bueu and Aveiro, Figure 2.1) distribueddng the western part of the Bay of
Biscay and the northern third of the Portuguesetcd@ziven the location of sampling ports
and considering depths between 50 and 1,000 nsttitked area comprises a surface of
aproximately 2,300 kfm with about 2,500 km of coastline. The above memwmtib
oceanographic features makes this zone a speaaltgble area for studying marine
organisms, due to its high productivity, and alsointeraction with abiotic features along

this environmental gradient.

Bearing in mind this scenario, | aimed to study #eelogy of the horned octopus
(Eledone cirrhosaLamarck, 1798), which inhabits the continentadlsland slope of the
northwestern Iberian Peninsula, from the westerhgfahe Bay of Biscay to the northern

Portuguese coast.
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Figure 2.2. (A) Schematic map of the Canary Basin showing the main currents (light blue: surface
currents; dark blue: slope current), major capes, freshwater (blue arrows) and dust inputs (>10 g m_2
y_1 shaded yellow), retention (orange) and dispersion (green) zones on the shelf, frontal zone between
water masses (dashed blue lines) and mesoscale eddies (blue: cyclones; red: anticyclones) south of the
Canary Islands. NACW: North Atlantic Central Water; SACW: South Atlantic Central Water; AC: Azores
Current; CanC: Canary Current; MC: Mauritanian Current; NEC: North equatorial Current; NECC: North
equatorial Countercurrent; PC: Portuguese Current; SC: Slope Current. (B) Map of sea-surface
temperature over the study area on 25 July 2007 from OSTIA (Stark et al,, 2007), showing the five sub-
regions described for this area (SR1: Galician; SR2: Portuguese; SR3: Gulf of Cadiz; SR4: Moroccan; SR5:
Mauritanian). PT: Portugal; ES: Spain; MA: Morocco; MR: Mauritania; SN: Senegal. Extracted from

Aristegui et al. (2009).
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The species

The horned octopuEledone cirrhosas also known in England as lesser octopus or
curled octopus; polvo-do-alto or polvo cabecuddortugal; pulpo blanco in Spain and
cabezudo in Galicia (NW Spain); élédone communejg@blanc or pieuvre blanche in

France; moscardino bianco in Italy; andaxoc [moschios] in Greece.

The first complete description of this species wiame by Isgrove in 1909. That
document addressed an external description of mivead, as well as a comprehensive
review of their internal organs and anatomical orgaion. Since then, a series of
manuscripts have been published focussing on fhesiss in particular or targetting a
wider taxonomic scope (e.g. Naef, 1923; Robson9,19232), becoming key guides for

teuthologists.

Description

Eledone cirrhosas a medium-sized octopod, with a maximum body Wweigl kg in
the Mediterranean and up to 2 kg in the North-Eastd¢lantic (Belcari et al., 2015). As it
occurs whit all cephalopods;. cirrhosais a dioecious species (separate sexes). The
especies shows a slight sexual dimorphism conagiingfividual size, with females larger
than males. The mantle, that constitutes the \as@avity, has a finely grained external
appearance and it is broad and ovoid, with a pergllskin ridge separating the dorsum
and the belly. Coloration presents a countershamgtbrn with a reddish-brown dorsal
color with scattered small white markings. The vantrea is white, with a greenish
iridescence. The head is narrower than the mantiet@o big well developed eyes with
respective retractilsupraocular papilla are located on top of the dasike. The eight
circumoral appendages have a single row of suckeisemerge from the head. They are
of intermediate size, comprising aproximately 60P4he total lengh, and subequal. The
third right arm in males is hectocotilyzed, thatsdified for copulation, smaller than the
corresponding opposite (69-76%) and with a verytdigule (Figure 2.3.1.C). The distal
suckers of not modified arms form a single row apiflae (Fig 2.3.1.B). The skinny
membrane that connects arms each other (umbreb&hes 21-41% of the length of the

arms.
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Eledone cirrhosas able, as well as many other cephalopods, toifsntdae texture of
the skin, take a number of different body patteam&l change its colour through the action
of pigmented epithelial structures arranged in sdayers. The combined action of these
mechanisms is under nervous control and throug ttiee animal is able to express a

number of characteristic behaviours (see Hanlon\esksenger, 1996).

The preserved specimens may be difficult to difidete fromE. moschatadeemed a
twin-Eastern Mediterranean species of the AtlaBccirrhosa (Bello, 2003), although

differences in coloration and behavior does notepadikelihood of confusion in fresh

specimens (Boyle, 1997).

Figure 2.3. (I) Eledone cirrhosa (Lamarck, 1798) lateral view (A). Tip of an adult arm (B) and
hectocotylus (C). (After Guerra, 1992). (II) Specimen of Eledone cirrhosa photographed in aquarium.

The internal organs are placed inside the mantléyca he digestive and reproductive
systems occupy most of such cavity. The digestygtesn starts in the mouth, located in a
muscular buccal mass, which houses two chitinows,jgimilar to parrots’ beak, and a
radula. The beaks are one of the few hard strustafeephalopods and its morphology
has been described for use in systematic diagr{esis Clarke, 1986; Pérez-Gandaras,
1983) as well as for estimating individual age byurting the number of growth
increments. The radula is also important in taxoisamstudies. Three paired salivary
glands are located around the buccal mass. Theidanof these salivary glands is the
excretion of mucus, digestive enzymes and neunasoXihe oesophagus connects the
mouth to the crop, across the brain and the harilacgnous skull. The crop leads to a
muscular stomach that in turn connects with a gaspirally-shaped caecum. The

digestive gland connects the digestive tract betvibe stomach and the caecum through
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two digestive ducts. The ink sac and its duct aoated underneath the digestive gle
The presence/absence of an ink has beerconsidered a major taxonomic characte
Octopodidae. On the other hand, ink clouds prowdeseful tool for evading potenti
predators. The last section of the digestive duthé intestine that ends at the anus, w

is located next to the funnel in the ventral siflehe animal

The E. cirrhosareproductive system alsoccupies a large spaavithin mantle cavity
The females’ reproductive system is composed by@esovary and a pair of oviduci
each with an oviducal gland (Figure 2.4.A). Thedowal glands function is to form tl
covering layers around the eggs. The males’ remtdodusystem comprises a single te:
and the Needham’s complex (Figure 2.4.B). AccordmdBoyle and Knoblocl(1984a),
sperm is shed into the envelope of the testis fuanich it enters the opening of t
proximal vas deferens. This is a delicate and Kidblded tube which is se as a tight
knot of convoluted sperm rope in mature animalse Vas deferens then becomes fin
and enlarges into a glandular area which we refaistthe spermatophoric gland syste!
A distal vas deferens leads to a second, more @mppermatophic gland system I
which opens into the curved spermatophoric sacrevakeady formed spermatophores

stored.

Figure 2.4. Schematic view of the reproductive tract of a female (A) and a male (B) of
Eledone cirrhosa. (After Boyle and Knobloch, 1982b, 1984a)
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Mating process in this species has been describadoanting(Boyle, 1983b; Orelli,
1962), i.e. the male approach the female from lhemveloping her with his arms and
web and inserting the hectocotylus into the rigtié ®pening of the mantle cavity (Orelli,
1962). The spermatophores of the males are traadférom the terminal organ of the
excurrent duct to a groove along the hectocotiliaed formed from a fold of skin. The
spermatophores are pumped along the arm by musmudéractions, to be released by the
tip of the hectocotilus into the mantle of the féenand pass completely along the oviduct
and through the oviducal glands before finally bogs in the ovary itself, where the
oocytes are stored. This makes the difference wfitler octopods, sincEledoneis the
only genus in which this transference is directlgd®, while in the remaining octopod
groups, spermatophores are stored in the ovidudahdg until fertilization. In
consequence, the oocytes in this species araZedibefore beginning their passage down
the oviduct (Boyle and Rodhouse, 2005).Thus, dumregroductive sampling for the
present study, a number of mature ovaries weredfouth several spermatangia (everted

sperm sacs) inside (Figure 2.5).

Figure 2.5. Image of a dissected ovary and spermatangia found inside it.

As the majority of cephalopods, octopods have thegrts, one main two-chambered

heart (the systemic heart) and two smaller brahdtgarts, one next to each set of gills.
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The number of lamellae per hemibranch is a taxonarharacter, which iiE. cirrhosa
ranges between 11 and 13. The closed circulatocyitisends oxygenated blood from the
gills to the atrium of the systemic heart, thentgoventricle which pumps this blood to the
rest of the body. Deoxygenated blood from the bgdgs to the branchial hearts which
pumps the blood across the gills to oxygenatenit, then the blood flows back to the
systemic atrium for the process to begin again [$Vel980). Three aortae leave the
systemic heart, two minor ones (the abdominal ammththe gonadal aorta) and one major
one, the dorsal aorta which services most of thay i&mith, 1981). The blood of the
cephalopods is composed of copper-rich hemocyahiohnis less efficient than the iron-
rich hemoglobin of vertebrates and thus does notease oxygen affinity to the same
degree. Thus, cephalopod blood can transport thess 3 millilitres of oxygen per 100 ml

of blood, compared with about 15 vol% in fish.

The excretory system is built around an appendégaah branchial heart. These long,
ciliated ducts filter the blood into a pair of kieinsacs while actively reabsorbing glucose
and amino acids into the bloodstream. The renalk sactively adjust the ionic
concentrations of the urine, and actively add ggrmus compounds and other metabolic
waste products to the urine. Once filtration andbs®rption are complete, the urine is
emptied into the octopus’ mantle cavity via a direnal papillae, one from each renal sac
(Wells, 1978).

As molluscs, the cephalopods have a shell, whiah lsea more or less reduced
depending on the systematic group. In octopods,pamticularly inEledonespecies, the
shell is embryologically derived from the invagioat of a reduced ectodermic area
(Sacarrao, 1951) and it is reduced to two cartilags sticks called stylets, embedded in
the mantle musculature. These structures grow, e &s the beak, by successive
deposition of increments, which has been provebet@produced at regular time intervals
and make them suitable as individual chronologicatkers. Even though the use of stylets
for ageing cephalopods is relatively recent (th&t fralidation corresponds to Doubleday et
al., 2006), the studies of Cabido (1984) suggetied feasibility to be used for this
purpose. This author also studied stylets biongtrsthiowing some sexual dimorphism.
However, although growth rings were found in thdeds, the age of the specimens could
not be estimated since samples showed rapid degrmadiue to the lack of an appropriated

25



The ecology of the Horned Octopus, Eledone cirrhosa (Lamarck, 1798) in Atlantic Iberian Waters

technigue. Unfortunately, to date, this work has Ipeen considered as relevant to the
scientific community. Several years later Moriyasw Benhalima (1993) described the
morphology of E. cirrhosa stylets and noted their usefulness for estimatgwth.
Nowadays, stylet growth rings have been succesfubged and validated for age
determination in three octopod species, nan@attopus pallidusO.vulgarisandO. maya
(Doubleday et al., 2006; Hermosilla et al., 2016dRguez-Dominguez et al., 2013).

The neuro-sensitive system of cephalopods is thest naeveloped among the
invertebrates, providing them with a large cogmitpotential and causing high complexity
behavioural patterns. The central nervous systef. ofrrhosais rather similar than that
of O. vulgaris(Nixon and Young, 2003). A number of gangliar massmmparable to
cerebral, medial, pleural and visceral ganglia, lsandentified in the neural organization
of the species. Nevertheless, they have lost theegrity as individual nodes, and have

subdivided and reorganized in a circumoral nenrgezehat works like a complex brain.

Among cephalopod sensorial systems, vision is parbize most remarkable and indeed
cephalopods’ eyes are the most complex among &lwates. Most species are visual-
dependent hunters and their brain has large viauahs (Jozet-Alves et al., 2014).
Cephalopods have a camera-type eye which condisda @is, a circular lens, vitreous
cavity (eye gel), pigment cells, and photoreceptlls that transfer light from the light-
sensitive retina into nerve signals, which travling the optic nerve to the brain.
Therefore, eye structure of cephalopods is veryilainto those of vertebrates, in fact
visual acuity inOctopusis comparable to that of fishes and aquatic mamriduntz,
1991). The eye oOE. cirrhosahas an elipsoidal lens with a contractile, hortagrslit-like
diafragm (Nixon and Young, 2003), making it an effee organ in reducing optimal
distortion. Althoug the rought grain of the retim@losaic suggest that its potential to
generate high-resolution images is limited (Nixon & oung, 2003), is far less than would
be needed to limit acuity to this level (Sroczyirekd Muntz, 1985). There is no evidence
that cephalopod see colours but they can percagla Ipolarization (Hanlon and
Messenger, 1996), which can be considered as anadagf color and is arguably involved
in breaking camuflage of potential prey, intraspecctommunication or orientation
behaviour (Jozet-Alves et al., 2014). In additiorthte normal retinal photoreceptors of the
eyes, most cephalopodg,. cirrhosa among them, have small groups of extraocular
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photoreceptors or photosensitive vesicles, whicladalt stages of benthic and pelagic
octopods consist of a single pair of organs locateside the mantle cavity, more

specifically on the ventral posterior margin of #tellate ganglion (Cobb et al., 1995b).

Detection of chemical cues can be either througitac chemorecepcion (gustation),
through chemoreceptors located on the suckers igsd(Boyle, 1986a), or distance
chemoreception (olfaction) by means of olfactorgams close to the eyes (Jozet-Alves et
al., 2014) Eledoneis sensitive to chemicals such as proline, glyeiné especially betaine,
all of which are constituents of arthropod flesloyi, 1986a) and experiments Oatopus
ventilation rates showed that animals increasedlagon rate when exposed to waters in

which crabs have lived (Boyle, 1983a).

Eledone cirrhosabehaviour has been mainly studied by observingismets kept in
aquarium (e.g. Boyle and Dubas, 1981; Boyle andbfoah, 1981) and often confirmed
by anatomical observations (see Nixon and Yound)320Reproductive behaviours
include agonistic (i.e., the complex of behaviomduding fighting, threat, appeasement
and avoidance, usually among males), courtship @llebehaviours that precede and
accompany the sexual act), mating (i.e. copulatidnich in cephalopods does not usually
include fertilization), and any form of parentalreaf it really occurs (Hanlon and
Messenger, 1996). This species has been describalla@ing species, maybe due to its
nocturnal pattern of activity (Cobb et al., 199%abb et al., 1995b). Nevertheless, the
number of chromatic components and body patterris. ioirrhosacompared with other
octopoda is intermediate, with 15 chromatic compésmi@nd 2 body patterns (Hanlon and
Messenger, 1996). Even based on the structureeobifual and chemotactile systefs
cirrhosahas been suggested to be capable of learningQlikeilgaris(Nixon and Young,
2003).

Systematics

Systematic characters may be used for taxonomygroeldssification and phylogenetic
analysis. An overiew of cephalopod characters weasngby Nixon (1998). This author
emphasized three things: i) the relatively smathbar of hard structures in this soft-body
molluscs; ii) the difficulties to found good chatexs in the radula, gladius, cuttlebone, eye

lenses, mantle-and nuchal-locking apparatus, bekkspal structures, cephalic cartilage,
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hooks, statoliths and stylets, which are the hasbes found in cephalopods, except the
external shell of nautiluses and the calcified IstiebpirulaandArgonauta and iii) that an
ideal description of a cephalopod will include muofogical, meristic, ecological,
ethological, and biochemical characters. Since-bartdugh-tissue structures are better to
withstand adverse conditions, such as those expeteduring capture, and they survive
largely without distorsion or loss material, evéteainmersion in the digestive juices of a
predator, postmortem changes, and even fossilizati@y were used during the last three
or four decades for systematic, taxonomic and @ernetic studies. However,
development and availability of other techiqueghsas DNA sequencing and underwater
filmation are changing the perspective and accuoéctkis kind of studies.

Moreover, scientific sampling gears have limitatofor capturing certain types of
species (mainly fast-swimming ones) and many o$eheaptured specimens usually are
seriously damaged, leading to loss certain taxooooharacters. On the other hand,
throughout history, the finding of early life stafgems usually has caused confusion in the
scientists, and genera and species have been smreatireated on the basis of different

life stages (Boyle and Rodhouse, 2005).

All extant cephalopods (including octopuses, squaudttlefish and sepiolids) except
Nautilus species are classified in a single subclass: @#ao Because of the very large
number of morphological differences between the yneoleoid lineages, the lack of
shared characters, the uncertainty regarding ctearhomology and the differing rates of
evolution across groups, biologists have struggdednderstand many of the evolutionary

relationships among taxa (Allcock et al., 2015).

The scarcity of meaningful morphological charactersespecially sharpy in some
groups within the order Octopoda, for instance iledBninae. This fact leads the
traditional taxonomic classification system to aar problems in this group. Thus,
characters as the presence or absence of an irdadabe number of sucker rows on each
arm have traditionally played major roles in attésnjp classify groups within the family
Octopodidae, in whiclk. cirrhosais included. As above exposed, the recent intriolic
of molecular techniques have called into questlbpraviously stated about this issue and,
at the same time, have provided us a series of mpoeeise tools for analyzing
phylogenetic status of organisms.
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Thus, although the taxonomy and classificationivhd) cephalopods are still unfixed
(Allcock et al., 2011) and this particular groupuisdergoing considerable revision, mainly
by genetic techniques (Lindgren et al., 2012; Steliget al., 2014), the currently widely

accepted classification is as follows:

PhylumMOLLUSCA
Class:CEPHALOPODA
SubclassCOLEOIDEA
Order: OCTOPODA
Superfamily OCTOPODOIDEA
Family: ELEDONIDAE
Genus:ELEDONE

Ecology

Demographic ecology: Reproduction, Growth and Population dynamics.

Cephalopods are gonochoric animals (sexes are atepgyr and there are no
hermaphroditism or sex-change. The horned octogsisyell as most cephalopods, is a
semelparous or spawning once species; that igsitohly one reproductive event, shortly
after which adults diek. cirrhosacan be clasiffied as an “intermittent terminalwspeng”
sensuRocha et al., (2001), with group synchronous diaha monocyclic spawning and
no growth between egg batches. In consequenceyriiyereproductive event acquires a
remarkable importance and has traditionally beemaor theme in the studies on
cephalopods life history. Reproductive traits oistepecies have been studied through
experiments with captive specimens from Mediteraansea (Mangold et al., 1971) and
the Atlantic ocean (Boyle and Knobloch, 1983, 1983alnE. cirrhosg as well as in most
cephalopods, sexual maturity can occur at a widgeaf body sizes, and males reach

sexual maturity earlier than females and at smaligss.

Gonadal maturation process implies a gonad enlaegerend therefore maturity state
has been traditionally assessed by the "Gonadosorratex" (Weight of the gonad
expressed as percentage of body weigth). In Octdpedthe "Ovary Index" in mature

specimens invariably ranges between 10-40% (Mand®87). Hayashi index (Hayashi,
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1971) developed foFodarodes pacificuand employed for the first time in an octopod by
Guerra (1975), has been also used to assessingitynatinis index relates testis and the
Needham’s complex weights in males, or ovary andumis (including oviductal glands)
weights in females. During the 60s and 70s, Maktells conducted a series of
experiments on hormonal regulation of the maturagitocess in octopuses, whose results
were compiled in a single volume (Wells, 1978).eiftards, Boyle and Thorpe (1984)
found an association between optic-gland enlargésrah gonadal development in female
octopuses. However, Boyle and Knobloch (1984b)dataumber of other possible causes
for early maturity on aquarium-held animals, suchcanfinement conditions through
feeding, lighting conditions or nitrogen levels iaéion in relation with the wild
environment, as a trigger of maturation processintibitor of egg-laying. Just as
environmental conditions in captivity affect theopess of maturation, they also modulate
population dynamics in the wild, influencing theralion of spawning and brooding
seasons and therefore changing the age structupmmilations (Belcari et al., 2002).
Thus, MediterraneaR. cirrhosareach sexual maturity earlier (spring—summer) @stern
waters (Sanchez, 1976; Belcari and Sartor, 1998) turther east (summer—autumn)
(Lefkaditou et al., 2000). In the North Sea, altloumature individuals are present all year
around, a peak is observed from July to Septembih spawning occurring shortly
thereafter (Boyle, 1983b; Boyle and Knobloch, 1988)Portuguese waters maturity peak
occurs in May-June although it extends from MarmehNbvember (Cabido, 1984). This
variability in the timing of maturation suggeststlits regulation is complex and depends

to some extent on external factors, which in tuanes along the range of the species.

Fecundity is given by the number of offspring thdiving being can beget. Since direct
observation of this variable is often not feasibld. cirrhosg as well as in many others,
and for comparative purposes, two terms has beémedon which the concept of
fecundity is based: Potential Fecundity (PF) anthiRe Fecundity (RF). PF refers to the
total number of mature oocytes from the ovary ofature female and RF expresses the PF
in relation to the body weight of the animal (n®oaicites/g). However, fecundity may be
underestimated because spawning may have alreaalyedst (Mangold, 1987) or
overestimated due to the reabsorption of oocytesithh atresia (Boyle and Chevis, 1992).
Therefore,E. cirrhosafecundity data reported in the literature widelyywanot only by

geographic location but also between studies paddrin the same locality. Thus, Boyle
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et al. (1988) noted that potential fecundity wasselto 9000 eggs/female in Aberdeen and
5500 oocytes/females in Banyuls, while some yeafsrb estimates ranged from 2200 to
55000 oocytes /female in Aberdeen (Boyle and Kndihld983).

As observed by Boyle (1981), specimens maintaineteurearing conditions can lay
their eggs on the tank walls. This observation satgythak. cirrhosalays its eggs over
rocky substrate, and centainly not in muddy or gdyattoms. Eggs are laid in strings, and
each string contains between 25 and 30 eggs (Bb9&Y). Fertilised eggs hatch after 3—4
months at 14-18°C (Mangold et al., 1971).

In octopods the number and size of eggs varieslyidaus, octopods produce from 10
to 500 000 eggs (Nixon and Young, 2003), with & sanging from less than 1mm to over
40mm in length, resulting in either a planktonicaobenthic offspring (Hochberg et al.,
1992; Mangold, 1987). Egg length i cirrhosa (7.5 mm) is considered intermediate in
size between small-egged (e@ctopus vulgaris2 mm) and large-egged (e.Bledone
moschata13-15 mm) cephalopods. This fact, together witbva egg index (relationship
between egg size and adult mantle length), indictltat newly hatchlings are pelagic,
although this phase probably would last only fewsdduring which most of them remain

relatively close to the bottom (Boyle, 1983b).

We mean “larvae” as the juvenile stages of animaigh indirect development
(metamorphosis) and having an anatomy, physiology ecology different than adults.
Since there is not a metamorphosis in cephaloptitsy lack a true larval stage.
Nevertheless, some species have planktonic livgeestavhile in others octopods (e.H).
moschata the newly hatchings are very similar to the aglald live in the same habitats.
Therefore, the term “paralarvae” was coined to reefihose young cephalopods in the
planktonic stages between hatchling and subadwtitgy and Harman, 1988). Paralarval
forms have been observed only in members of thersr@ctopoda and Teuthida. Since
their lifestyle often differs greatly from that efdults and that its size is considerably
smaller, obtaining hatchlings usually involves ¢redficulties and their ecological traits
are a subject of study by itself. Therefore, vétielis known about the life history of early
life stages ofE. cirrhosa The following table (Table 2.2) sumarizes therseaexisting

records.
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As previously mentioned, planktonic formskef cirrhosalast a relative short period of
time and most probably live near the sea floor.eAadiption of these newly hatchings can
be found in Hochberg et al. (1992) (Figure 2.6kebal features diferentiate paralarval and
adult anatomy, derived from its different lifestyldan example is the number of row
suckers in som@ctopusspecies, which are typically present in a singflaight row and
being increasing in number and gradually becomipgaeent the subsequent two rows.
Neverthesless, unlike other speciés, cirrhosa retain the single row of suckers into
adulthood (Villanueva and Norman, 2008) and thisarabteristic constitutes an

identificative taxonomic character.

Table 2.2 Sampling methods, number of early-life stage individuals collected and abundances of
Eledone cirrhosa from the literature. Modified from Villanueva & Norman (2008).

Depth Number of

Horizontal D G hi
Gear orlzor‘1 2 range 'ay/ individual Abundances Observations eographic Reference
or vertical night area
(m) collected
Concentrated Russell (1921)
Np. Np. 0-505 Np. 15 between 0-100 All year round NE Atlantic quoted by
m Boyle (1983)
Planckton MLde\l‘al?ttizeor Higher from
Np. 0-200 Np. 118 May to NE Atlantic Stephen (1944)
net bottom, rarely at
August
surface
Horizontal
Variety of Largest . .
and s Higher from . Collins et al.
plancton oblique 0-200 Np. 62 individuals near May to June NE Atlantic (2002)

nets to the seafloor

towns

The paralarval internal anathomy generally foll@sirsilar organization than that of the
adult. The paralarvae nervous system matches thergepattern described for adults
(Wells, 1978), but it is comparatively larger bylmme. Thus, the relative proportions of
the lobes of the paralarval brain are markedlyedé#ht from those of juveniles or adults. In
O. wvulgaris and E. cirrhosa these differences have been related to morphabgic
development and changes in mode of life (Villanuama Norman, 2008). Indeed, the
palliovisceral lobe and the higher motor centrestted E. cirrhosa hatchling form a
relatively larger portion of the brain than in thdult. This is likely to be related to the
locomotor activity during the planktonic phase lustspecies (Nixon and Young, 2003). In
O. vulgaris buccal and basal lobes are larger at hatching thgaoveniles, while the
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brachial lobes increase their volumen from 8% ef tittal volume of the brain to 13%
settlement, coinciding with the rapid growth of #mens and suckers and the developn
of the tactile sense that is characteristic of themes’'s benthic life, reaching 18% in t
adult (Nixon and Mangold, 199). Paralarval and juvenile phases commonly exhit

rapid, exponential growth, slowing down afterwaddsing breedin(Jackson, 200).

Figure 2.6. Eledone cirrhosa a, lateral, dorsal, ventral, mantle cavity and oral views, prehatchling
(Stage XIX), 3.2 mm mantle length (ML), Mediterranean (from Mangold et al,, 1971) (bh = branchial
heart; ¢ = chromatophore; f = funnel; fr = funnel retractor, g = gill; i = intestine; k = renal sac; mo =
mouth; pi = primary lid; stg = stellate ganglion; vc = vena cava; y = yolk); b, lateral, dorsal, and ventral
views, hatchling, 3.8 mm ML, English Channel (from Rees, 1956; ventral view, Hochberg original).
(After Hochberg et al., 1992).

E. cirrhosa growth has been studied in several works in differparts of thei
geographic range. Boleda (1976) studied the graivdut-adults and adults in the Iberic
Mediterranean. She indicated the simultaneous appea of two kinds of sizes a
estimated a growth rate of about 1 cm per monihdividuals of up to one year, slowit
down for bigger individuals. Leftkaditou & Papactantinou (1995) in the Easte
Mediterranean, found growth rates of-20 mm each three months in small individu
These studies seem to indicate slight diferencegrawth rates between western ¢

eastern individuals. Nevertheless, growth ratemegion on the basis of mantle lenc
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measures is unadvisable nowadays, since it mayesdiases when performed over soft-
bodied animals and weight is a much more sensdivé dynamic measure of growth
(Forsythe and Van Heukelem, 1987). Boyle in Scatlagtimated growth rates based on
Body weight (BW) calculated at weekly intervals.eSimens showed growths between
0.33 and 1.06 % BW x ddy

Cephalopods have a short lifespan, little overlagemerations, and high vulnerability
to predation and/or variations in environmentaldibans. In contrast, they exhibit great
physiological plasticity (O'Dor and Shadwick 198&}ich results in substantial individual
variability in growth rates and maturity. This cheteristics result in a wide inter-annual
fluctuation in abundance (Boyle and Boletzky, 1996gcundity is clearly linked to the
survival strategy of the species, and it is depenhda their size and mass which, in turn,
are often temperature-related (Lipinski, 1998). the other hand, the existence of a
planktonic paralarval stage, which spreads in atikaly pasive way, makes discrete
populations typically difficult to identify, andmetapopulation concept may, therefore, be
useful (Lipinski, 1998).

A life-span of between 18 and 24 months with indiigls dying shortly after spawning
was proposed foE. cirrhosa (Boyle, 1983b). Although, as previously mentionéuke
reproductive cycle for this species in the northAttantic extends all year round, the
proposed cycle was based on the assumption of lsematarity occurring during summer
and that spawning is likely shortly afterwards. ¢tdings would appear in the water
column 3 or 4 months later and then, after a splartktonic phase apparently inhabiting
waters close to the sea floor, they settle. Acewydp this approach, recruitment would
occur in March-June of the following year. A schémaiew of the proposed life cycle of

the species is shown in the Figure 2.7.
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Figure 2.7. Composite model of the life cycle of Eledone cirrhosa proposed by Boyle (1983) based
mainly on data from the northern population. The estimated period of peak spawning activity is
shown on the lower line. Growth (solid black) can proceed at widely differing rates up to recruitment
and during the first year of life. Rapid growth (upper margin) and early maturity will allow individuals
to contribute to the spawning population of that year (dark stipple) after which they will die at about
12-15 months old. The lower margin of the growth curve indicates a situation in which growth occurs
slower and later in the season and leads to a 2-year cycle; the overwintering population matures and
contributes to the early part of the spawning peak in its second year (top line). Variation in the time of
spawning and the conditions for growth and maturation can lead to alternative 1- and 2-year cycles or
to both life cycle modes arising within the same cohort. (After Boyle, 1983).

Distribution & Habitat

Eledone cirrhosageographical range comprises NE Atlantic and Meditean Sea
(Guerra, 1992fsee Figure 2.8). In the Mediterranean the spésitsind from the westel
edge of the basirgjordano et al., 20; Mangold-Wirz, 1963)extending towards the et
in the Adriatic SeaGasali et al., 199), the Aegean Sed (rsi et al., 195) and Eastern
Mediterranean(ztiirk et al., 201). In the Atlantic the species is distributed follog the
continental shelf off the coast of the Iberian Renla(Guerra, 1992)through the Englis
Channel and British IsleRges, 195; Stephen, 19449nd the North Sea, up to the wesi
coast of Norway Grieg, 193). E. cirrhosais also present in southern Iceland .
Hebrides. Its southern distribution limit is locatat a still undefined region in NW Africe

coast.
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Figure 2.8. Distribution range of Eledone cirrhosa (After Belcari et al., 2015).

Eledone cirrhosas a typical benthic species which inhabits onidewange of habitats
throughout its distribution range, from sand anddnw broken-rock and rocky reefs, and
from coastline to continental shelf and slope. Anber of ecological, morphological and
reproductive differences have been pointed betvggatimens from the North Atlantic
and the Mediterranean (Boyle, 1997). Thus, pubtishéormation indicates differences in
the variety of habitats it occupies, body size aaderal reproductive parameters (Table
2.3).

This species shows a wide bathymetric distributalthough it seems to be different
within its range. Thus, in Western Mediterraneafiviegs on sandy and muddy bottoms
from 25 m up to 630 m deep (Wurtz et al., 1992)jhalgh the most significant
concentrations of individuals occur between 50 8068 m depth (Belcari et al., 2002;
Mangold-Wirz, 1963). On the other hand, it is knatlat in the North Atlantic this species
spreads its bathymetric range, reaching coastalsai®pecifically in Scottish waters its
presence has been reported by scuba divers (Bb983b). Its deepest record is around
1000 m in Hebrides slope (Boyle et al., 1998).

Literature usually indicates a bias in the rela@mindance of both sexes, suggesting
segregation by sex or/and size-age classes (BoyleKaobloch, 1982; Mangold-Wirz,
1963; Moriyasu, 1981). Boyle (1997) noted thatgbe ratio was 1:1 in deep waters of the
Mediterranean Sea, but also noticed a bias towkmasles in shallower waters during
springtime. Based on the sex ratio and maturitgestaat different depth strata, Boyle
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pointed out that higher abundances of mature fesnalesent in shallower waters during
summer was a trace of the existence of a reproductiigration event. This type of
indirect observation is an example of the kind loies in which many life history traits
have been inferred, mainly in those species inlmpideep-waters, since animals hardly

tolerate tagging and therefore the release-recaptactices are not feasible.

Table 2.3. Main ecological and reproductive characteristics in North Atlantic and
Western Mediterranean Eledone cirrhosa populations.

North Atlantic Western Mediterranean
(Boyle, 1983) (Mangold-Wirtz, 1963)
Maximum Weight 2,000 g Less than 1,000 g
Oocytes number 2,200-55,000 Up to 3,900
Oocytes size 7 mm (mode) 1.8-7 mm
Spermatophore number  97-290 Up to 150
Spermatophore size 36-49 mm 43-54 mm
Reproductive period Throughout the year End of may to mid-august
Bathymetric distribution ~ Shoreline — 1,000 m(*) 50-300 m
Habitat Rock, sand and mud Muddy bottoms

(* Boyle, 1998)

Despite the species follows a general trend idiggibutional pattern, a more complex
spatio-temporal pattern arises on a smaller gebgrapscale and the species seems to
display a patchy distribution. Size and sex-basegregated distribution and seasonal
reproductive migrations make difficult to comparatal from different areas, since this
migratory event do not occur at once in differedaltions. The available information on
its depth distribution is mainly based on scieatffurveys that usually are undertaken over
a precise time period and do not cover the enttergial bathymetric range and as a rule
operate up to a certain depth. Therefore, the poesefE. cirrhosain shallower waters

could have passed unnoticed.

Given the high commercial importance of this speanethe Mediterranean Sea, several
studies have been made about its distribution dnoh@ance in this area. Belcari et al.
(2002) analysed the distribution, abundance andodeaphic structure of this species and
E. moschatdhroughout the whole Mediterranean Basin, obtainech surveys performed
from late spring to midsummer, from 1994 to 199%cdérding to their findingsE.
cirrhosais a very abundant species in the western basinas locally very abundant in
the northern Ligurian and Tyrrhenian seas, as asgllin the northern Adriatic. In the

central area of the Mediterranean its abundanceedses to increase again eastwards. It is
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interesting to note that the sampling intensity the Western Mediterranean was

considerably higher.

Studies addressing a smaller geographical scoperearealed local distribution and life
history particularities. Thus, surveys undertakethie Eastern Mediterranean (Tracian and
Aegean Sea) indicate thiat cirrhosais more abundant in the northern area (Salman,et al
2000). During summer most of the individuals wedales while the fishings performed in
autumn were mostly composed by recruits (Mantlegtleior ML 20-60 mm) comprising a
higher proportion of the catch (Lefkaditou and Rapetantinou, 1995). Instead, in
autumn nearly all of the catch was comprised otfiles below 50 mm ML and large
individuals of the summer completely disappearedihis area the reproduction &
cirrhosaseems to start in early summer and last till michwfumn (Salman et al., 2002;
Tursi et al., 1995).

The horned octopus lives at depths from 25 to 406 the Adriatic Sea, but it is most
abundant over 75 m. The species is less abundantBhmoschatan the central and

Northern Adriatic, while in the south the situatigrthe opposite (Casali et al., 1998).

Trawling surveys undertaken in the northwestern ikde@dnean (Ligurian Sea) for 14
months between 20 and 90 m depth showed Ehatirrhosa appear from 30 m depth
onwards and juveniles mainly appeared at deepatas{rO0 m) (Relini and Orsi Relini,
1984). The adults dissapeared from July onwardghib context, circalitoral level was
suggested to constitute or to be part of a nuraesg, moving to unlocated deeper areas for
spawn. Southwards, in the Tyrrenian Sea, wherecirrhosa is the most abundant
cephalopod species (Belcari and Sartor, 1993), higkr-annual variations in the
abundance were observed during autumn (Giordaab, &006), the species was present at
all bathymetric strata (comprising from 10 to 808epth), becoming rarer below 50 m and
beyond 500 m depth (Giordano et al., 2010)e highest densities concentrated between
100 and 200 m depth, while the biomass was highegsteen 50 and 100 m depth. In this
season, both recruits and adults were well repteden all bathymetric strata. Recruit and
adult groups were not well separated, with verylsmearuits (25-30 mm ML) located at a
depth of 100m depth, while larger specimens (uds® mm ML) were found at 200-500
m. The adult group showed a polymodal pattern lirsteéhta. During spring and summer
higher densities were found between 50 and 200 pthd@Vurtz et al., 1992). Mature
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males preferred deeper bottoms than mature feradla$ seasons. Based on the presence
of juveniles, recruitment in this area has beergestgd to be progressively delayed later

in the seasom from north to south.

In Portugal the species is heterogeneously diggthiuhroughout the coast (Cabido,
1984), inhabiting rocky, sandy and muddy bottomsvben 32 and 480 m depth, but
preferably between 60 and 80 m, below which acgidtBnens were rarely found.

Available data ort. cirrhosadistribution in Galician waters indicate higheuabdances
occurring between 100-300 m depth (Pérez-Gandaras et alQ)1%8though, since
individuals were not sexed in these surveys, it waispossible to define migrations or
segregation behavior by sex. Comparisons betwesiitsan different years indicated that

recruitment in this area takes place in late-sum(i@érez-Gandaras et al., 1980).

The aforementioned studies point out the high sgatnporal variability in abundance
recorded for the species. In addition to the inhiengterannual variability in cephalopods,
several studies propose that observed populatienseongly linked with the climatic
fluctuations associated with climate change, deslinorrelating directly with increasing
seawater temperatures (e.g. Eorcirrhosain the Ligurian Sea (Jereb et al., 2014)). On the
other hand, as abovementioned, the inverse resdtiproetween the abundances of both
species of the genus was reported in certain dBxdsari et al., 2002) as well as with
vulgaris (Relini and Orsi Relini, 1984). This fact indicatése lack of information
regarding interspecific relationships (either bynpetition, predator / prey relationships,
etc.), which together with abiotic factors wouldeat abundance and distribution patterns
of organisms in the environment they share, andchvhgenerally they are barely
considered, either by the difficulty of their stuolycomplexity for modelling.

Trophic ecology

Cephalopods possess unique adaptations for prelimgtand handling, allowing them
for hunting a wide variety of preys. They have ragrof 8-10 arms with which they can
immobilize relatively large prey compared with sasmed fishes. Another set of
adaptations, such as possessing a highly develspadory system and the cryptic

capacity, based in the combined action of divepsthelial and muscular cells which allow
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them not only change colour, but also texture, mmalteem masters of stalking and
camouflage. On the other hand, their musculardsodnd highly energetic tissues make
them a very tempting prey for larger predators.tf&d, many marine animals prey &n
cirrhosa Marine mammals such as harbour se®lko¢a vituling (Brown and Pierce,
1997; Tollit et al., 1998) have been noted as mpjedators ofE. cirrhosa and some
small cetaceans, such as Rhisso’s dolp@Girahpus griseysand long-finned pilot whales
(Globicephala melgs are almost exclusively teuthophagous @&hdcirrhosa has been
pointed as a main prey for these species in ShaofitacLeod et al., 2014) and Galician
waters (Gonzélez et al., 1994) or Western Mediteaa (Blanco et al., 2006). Moreover,
E. cirrhosa has also been pointed as prey of fish, both ddtgyes (Salman and
Karakulak, 2009) and chondrichthyes, such as rialygdas et al., 2015) or sharks (Clarke
and Stevens, 1974k. cirrhosahas also been cited as prey of other cephalopads &s

Loligo forbesii(Guerra and Rocha, 1994).

Since studies on cephalopods are mainly focusedoommercially relevant, coastal
living species, a large amount of knowledge gapspaesent in the life history of the great
majority of the species and therefore we only hiavewledge of some feeding habits of
30-40% of the described cephalopod species (Nighmt@005). The diet oE. cirrhosa
has been analised mainly in two areas along allistsibution range. Studies undertaken in
the North Atlantic and the Western Mediterraneaa 8ghlight a common prey range
throughout the geographic distribution area ofgpecies. Overall, we can verify that the
horned octopus is an active predator, which feedmlgnon benthic crustaceans, mostly
alpheids and brachyurids (Boyle and Knobloch, 19819reover, a variety of prey has
been observed, such as fish and, in a lesser extetiiscs, echinoderms, polychaeta and
cephalopod eggs (Auteri et al., 1988; Ezzeddird.e2012; Sanchez, 1981). Cannibalism
has also been recorded (Guerra, 1992; Moriyasu,)198

Until recently, most studies on cephalopod diet evarvariably based on visual
identification of stomach contentg. cirrhosahas been cited in the North Atlantic as a
significant predator of such commercially importasgecies asHomarus gammarus
(European lobsterNephrops norvegicugNorway lobster), an€ancer pagurugedible
crab) from traps (Boyle, 1986b). Nevertheless,dHasds of large prey are not reported in

the available literature, which can be due to atins in prey identification techniques. In
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cephalopods, as the oesophagus passes throughathgeibhas very little possibility of
dilatation and accordingly, food may be ingestednmall pieces. This is the reason why
cephalopods chop up their prey with the beak beéatng them. There are, however,
some material that enters into the stomach, susbakes, otholits and lenses for fishes,
skeletal parts, gill lamellae and eggs from crwesdac statoliths, pens and lenses from
cephalopods and setae from polychaetes. From suachims is usually possible to identify
the prey, but identification is not always easy #md technique is very time consuming.
This will lead in most, if not all cases, to an ergstimation of some type of prey eaten,
since those with little or no hard parts will godetected. Furthermore, some octopuses
perform an external digestion permitting the ingesiof soft parts of crabs without the
need of taking in the hard parts as well. As shamvithe section dealing with feeding
strategies and diet in this PhD, other methologase been developed to analyse stomach

contents irk. cirrhosa but again they are very much time consuming dsaseexpensive.

Fisheries

Cephalopods are an important fishery resource imfgan waters. Total cephalopod
landings from the Northeast Atlantic and Mediteeam Sea have routinely exceeded 100
000 t since 1980 and were more than 116 000 t @6 20omprising 49 000 t landed into
Europe from the Northeast Atlantic and ca. 67 O@hded from the Mediterranean by all
nations, including those African and Asian courstngth Mediterranean coastlines (Pierce
et al., 2010). Nevertheless, there are significanltural differences regarding the
consumption and therefore, in the fishing effotused on cephalopods between northern
Europe and the countries of the Mediterranean B&3&phalopods in the Mediterranean
represent a resource of great commercial value,reslsethey are only important
commercial species in Spain, Portugal and somechrétiantic regions considering the
Atlantic Ocean. This may well be attributable tdtaxal factors (Sartor et al., 1998).
Therefore, given thd. cirrhosadistribution range comprises the MediterraneanrBasd
European Atlantic coasts, levels of exploitationaoich this species is subjected widely

vary throughout its geographic range.
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A number of studies indicate the association betwaacroscale oceanographic and
climatic events and larval survival, recruitmenistdbution and migration patterns of
different stocks of marine species (see Hare, 20R4jticularly, annual variability in
cephalopod abundances is strongly influenced byr@mwiental variability, although the
underlying causes of the links between environnagrt population dynamics are poorly
understood (Pierce et al., 2008). Studies reldingirrhosalandings with environmental
conditions are scarce. However, the results ofairtbese studies showed that catches of
this species in the Gulf of Lions were related with Rhone river run-off inputs (Lloret et
al., 2001). Sanchez et al. (2004) indicated that main factor explaining variability in
CPUE was the seasonal availability of the reso(rae 40% of the variability explained).
The catch per unit effort was higher in the latergpand summer months, coinciding with
the annual recruitment pulse and the majority efftthing effort was undertaken between
100 and 200 m depth. The importance of seasonadtsfin this fishery was discussed in

terms of the recruitment &. cirrhosaand consumer preferences.

A preliminary analysis of time series &f cirrhosalandings in northwestern Iberian
fishing ports (Galician and North Portugal) wasfpened during the development of the
present study. This analysis confirmed the seaspr@l catches, but did not indicate a
significant effect of seasonal upwelling on its paral pattern (unpublished data).

Many cephalopod species are important as incidecééthes in trawl fisheries.
However, Octopus vulgarisand E. cirrhosa are target species in some areas. A high
proportion of cephalopods in demersal catches flaavily fished areas, such as the
Adriatic Sea, tends to suggest that their exploitatate is high (Lleonart, 2008). The bulk
of E. cirrhosacatches are registered in the lower continentelf stnd upper slope of the
northern Mediterranean and northern Aegean Searewihes likely the most abundant
octopod species (Lefkaditou et al., 2000). Sincguatas are set in European cephalopod
fisheries, deliberate misreporting or illegal lamgliof catches is not a major issue.
However, the low taxonomic resolution of officianidings statistics, the relatively high
importance of poorly recorded artisanal landingad andeed patchy reporting of
commercial landings from some ports, are issug¢aki® into account (Hastie et al., 2009).
In fact,E. cirrhosais generally pooled witk. moschatan Mediterranean fishery statistics
(Lefkaditou et al., 2000), as well as in other aréag. Portugal, Cabido, 1984). In any
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case, E. cirrhosa is a target species of significant economic imgrace in the
Mediterranean Sea (Giordano et al., 2010; OrsinReli al., 2006; Sanchez et al., 2004),
where the species is harvested on a large scateply by multispecific bottom trawlers

and to a lesser extent with seines by small scstherfies.

In the Western Mediterranean, fishing effort is uadly concentrated during the
recruitment period, leading to the capture of yospgcimens (up to 3 cm LM) particularly
sought for its high commercial value (Belcari aradt8r, 1999; Sanchez et al., 2004). The
best catches occur between July and December (SArctd Martin, 1993) and usually
less than 10% of catches are discarded (Sartdr, &988). Fishing of juveniles takes place
on the continental shelf, mainly between 50 and db@epth. Almost the 40% of the
variability in catch per unit effort (CPUE) of juvie E. cirrhosain the Catalan Sea is
explained by the seasonal availability of the reseu(Sanchez et al.,, 2004). In the
Ligurian sea new recruits appear in January, aghdhey become commercially relevant
between April and October (Relini and Orsi Relit®84). During the 1990's the species
was overexploited in the South Adriatic Sea and ERlas dramatically reduced, although

a recovering trend was observed in 2006 (Orsi Retial., 2006).

In northern Europée. cirrhosais considered a by-catch of trawling fisheriegéding
other species of major commercial interest (mahdie, monkfish and Norway lobster).
Commercial value oE. cirrhosais relatively low in that area. Both in the Meditnean
Sea and the NE Atlantic, the species is sometimeaght in crab fisheries (Relini et al.
2006), causing problems for these valuable fiske(Boyle, 1983, 1986b). When the
capture of this species is high and it is landedcimof the catches are exported to
countries of the Mediterranean Basin (Relini e2806).

In a time serie of landings from 2000 to 20E3,cirrhosalandings in Spain ranged
from 1432 t in 2003 to 578 t in 2008. Landings daled a decrease trend from 2003 to
2008 in all areas, with a slight increase at the einthe timeserie with 1148 tn in 2013
(ICES, 2014). Despite the drop of the fishing tiaglfleet in some areas (e.g. Galician),
this decline may be due to the increase in thehdaptvhich trawlers operate, which has
rise in recent decades. This was mainly shows byg#ar marks on soft bottoms detected
at depths of 200-1300 m in the NE Atlantic (Lorari2@07; Robertgt al, 2000).
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Total landings ofEledonespp in ICES areas Vllic and 1Xa in 2013 were 145Bdir
trawl metier accounted for 28 t in the western B&yBiscay (Vllic), with no significant
discard. According with an ICES report, landingsNW Iberian Peninsula (Subdivision
IXa north and Vllic) provide the highest values twit145 t, followed by 308 t in south
Portugal and 177 t in the central region. Abundanck the horned octopus in ICES
Subareas lll, IV, V and VI are almost anecdotic paned to abundances in the rest of the
ICES areas (ICES, 2014).

According to official data, landing amounts B&f cirrhosafor Galician fishing-trawl
fleet for the period 2004 - 2015 were very variabdaging from less than 700 t in the last
two years to 2012 t in 2007 _(www.pescadegalicia)coDuring this period a notable

decrease in the number of trawlers occurred indhés, reaching a maximum of 114 in
2007 and slightly decreasing since then until tbiiad 70 vessels in 2015 (Figure 2.9).
These variations and other parameters have tdkea tato account at the time of studying
catch tendencies for exploited resources and, oBIyoE. cirrhosais not an exception.
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Figure 2.9. Eledone cirrhosa landings and number of vessels in Galicia (NW Iberian
Peninsula) during the period 2001-2015.
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Reproductive traits of horned octopus Eledone cirrhosa in
Atlantic Iberian waters

Abstract/Sumary

Length-weight relationships, sex ratio, maturityttpans, size at first maturity,
reproductive outputs, fecundity and spawning penbtiorned octopug&ledone cirrhosa
in northwest Iberian coast are presented for tts ime. Samples were collected between
February 2009 and July 2011 in four fishing portsng the northwest Iberian coast:
Burela in north Galician waters (NGW), Ribeira oud in western Galician waters
(WGW), and Aveiro in western Portuguese waters (VWP total of 4,127 individuals
(1,042 males, 3,079 females and 6 undeterminedg s@mpled. Individuals ranged from
45 to 191 mm dorsal mantle length (ML) and 15 t69.d4 body weight (BW). The overall
sex ratio was biased towards females, accountingl?4 of whole sample. The spawning
season of this species in northwestern Iberianraadends from May to July. Size at first
maturity (MLsge) Of males was 108.9 mm in NGW, 99.25 mm in WGWY 8d4.4 mm in
WPW, whereas Mgy, for females were 134.5 mm, 121.4 mm and 100.8 reapectively.
Potential fecundity was 2,452.88+36.4 oocytes pary(n=697). Mean oocyte length was
3.89£0.025 mm (n=697). The average number of falgveloped spermatophores in
mature males was 86.55+1.9 (n=223) with a meantteny 44.97+0.29 mm (n= 224).
Potential fecundity in females was significantly €p.05) correlated with ML and BW.
Results obtained suggest that energy for gonad tgroames from the diet rather than

endogenous reserves.

Keywords: Eledone cirrhosaReproductive biology, Maturation, NW Iberian wate
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Introduction

Eledone cirrhosa(Lamarck, 1798) is a benthic, medium-sized octopusely
distributed over the north-eastern Atlantic and Nerdanean Sea (Boyle, 1983). The
Atlantic distribution of this species extends fr@®-67°N (Grieg, 1933; Massy, 1928) to
the Moroccan coast (Guerra, 1992). Several stuthes focused on reproductive aspects
of this species, especially on populations inhagitMediterranean sea (Lefkaditou and
Papaconstantinou, 1995; Mangold-Wirz, 1963; Motiyak988), whereE. cirrhosa has
high commercial importance, and Scottish watersyli@@nd Knobloch, 1982b; Kelly,
1993a). However, their populations off the Atlantberian coasts have hardly been
studied.

Eledone cirrhosain northwestern Iberian waters is a by-catch afvting fishery,
mainly focused on other species like hake, monkfisackerel or Norway lobster. Despite
of it, E. cirrhosais a species with increasing commercial intenebipse landings during
the period 1997-2010 ranged between 545 and 2,1&@cntons only in Galicia (NW
Spain) (www.pescadegalicia.com) and there are rediqus studies about the populations
dynamics of the species in this area. Catches enPibrtuguese waters reach some 179
metric tons from 2006 to 2010 (MAMP official data).

Western coasts of the Iberian Peninsula represennorthern boundary of the NW
Africa coastal upwelling system that associate$ whe Canary Current (Alvarez-Salgado
et al, 2000), driven by prevailing winds from the noith summer (upwelling) and
southerly winds during the rest of the year (dowlfingd). Summer upwelling drives to the
coast colder nutrient-rich deeper water known astdfa North Atlantic Central Water
(ENACW). This phenomenon results in a seasonal geajraphic fluctuation in ocean-
climatic conditions, which may influence over spavgy embryonic development,
hatching, growth, recruitment, maturation and ntigra of cephalopods, and especially
during their critical early life stages (Gonzakdzal, 2005; Otercet al, 2009; Otercet al,
2008; Pierceet al, 2008).

Previous publications indicated thd&. cirrhosa shows appreciable differences
throughout its distribution range, both from morptadric and reproductive biology

perspectives. Specimens from Mediterranean Seah rabnost half sizes than their
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conspecifics in the North Atlantic (Boylet al, 1988). Bathymetric distribution is also
different, since the species displays a wide ba#tgimdistribution in the Mediterranean
basin, generally inhabiting waters over 700 m (Belet al, 2002), occurring most
abundantly between 60-120 m (Mangold-Wirz, 1963).t@e contraryE. cirrhosafrom

the North Sea lives from shoreline of rocky coalsie/n to 200 m (Boyle, 1983), although
it has been recorded in Faeroes at 770 m (Mass¥8)19ts deeper register. Size
differences do not only refer to its range, bubadis sexual dimorphism, with females

reaching larger sizes than males.

Sexual maturation takes place at a wide range diy Isizes. Previous publications
pointed out that a range of oocytes lengths arallyspresent in maturing and mature
ovaries, and that mean oocyte length is well cateel with ovary weight and ovary index
(Boyle and Knobloch, 1983). Weight of male reprdduec organs is strongly correlated
with body size (Boyle and Knobloch, 1982b). Expeces by Boyle and Knobloch (1983)
with females from the northeastern Atlantic shovaedovary enlargement at almost any
time of the year but mean ovary index of the pajpaahad a pronounced seasonal
fluctuation with a period of major occurrence oftora females from July to September.
In western Mediterranean, breeding season extegtglgeebn March and August (Mangold-
Wirz, 1963). Estimates of oocytes number in matovaries also showed differences
between Atlantic and Mediterranean populations. sThpotential fecundity in the
Mediterranean Sea ranged from 1,250 to 5,600 osd{deangold-Wirz, 1963), while the
potential fecundity oE. cirrhosain the Atlantic ranged from 2,200 to 55,000 oosyteith
a mean of almost 11,000 (Boyle and Knobloch, 1983).

The aim of this paper is to fulfill the existing man biological studies on the
reproductive biology oE. cirrhosain north-west Iberian populations. Data on thegthn
weight relationship, sex ratio, maturity patterspawning season, length and weight at
first maturity, reproductive outputs and gonadid aondition indices for the species in
that area are also presented herein for the ifingt. t
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Material and methods

Commercial lots of specimens & cirrhosafrom trawling commercial vessels were
monthly collected from February 2009 to January 1201 Burela (northern Galician
Waters, NGW) and Bueu or Ribeira, (western Galieiaters, WGW). Moreover, animals
sampled in Aveiro (western Portuguese waters, WRMfe caught from March 2010 to
July 2011 (Figure 3.1). A total of 4127 animals evetudied.

All animals were kept frozen at -20°C until furtheetamination. After defrosted at room
temperature, all individuals were weighed, measwed sexed. Total length (TL) and
dorsal mantle length (ML) were measured to the esta0.01 cm, and body weight (BW)
and eviscerated body weight (EBW) were taken tondegrest 0.1 g. Macroscopic maturity
scale of Inejih (2000) was adapted to assign anifspenaturity stage to each individual.
For males this scale was as follows: I. immatute maturing, Ill. pre-set, with some
spermatophores in Needham's sac, and IV: matuhg dieveloped spermatophore, and for

females: I: immature, Il: maturing, Ill: pre-spawgi 1V: Mature and V: Post-spawning.

Whenever possible, a subsample of 30 individualeadh sex and sample site was
randomly selected every month for detailed analg§iseproductive cycle. Gonad weight
(GW), testis weight (TW), Needham complex weightCiM) and spermatophoric sac
weight (SSW) were recorded for males. Gonad wei@iV), ovary weight (OW),
oviducal complex weight (OCW) and oviducal glandswkter (OGD) were obtained from
females. All weights were taken to the nearest D.g0and OGD was measured to the

nearest 0.1mm.

Mature males (stages IV) and pre-spawning/matureales (stages Il and IV) gonads
were stored in 70% ethanol and 4% formalin, respelgt These samples were used to
assess fecundity. Potential fecundity (PF) in stddjeand IV females was estimated by
counting the number of oocytes of all sizes preseat known mass of ovary taken from
ovary surface, from the ovary core and from intediate layer, according to Laptikhovsky
(2000), and extrapolating to the whole ovary mas®rage length of oocytes was inferred
by taking at random sample of 25 oocytes from treryand then measuring to the nearest

0.01 mm. Relative fecundity was calculated as #te rof PF and BW. Concerning to
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males, all the spermatophores present inside thezliNen sac were counted in mature
ones. The length of all spermatophores was measoitbéeé nearest 0.01 mm.
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Figure 3.1. North west iberian waters showing the sampling sites in north Galician
waters (NGW), west Galician waters (WGW) and west Portuguese waters (WPW).

Digestive gland weight (DGW) was obtained to tharest 0.01 g in order to calculate
the digestive gland index (DGI = (DGW/(BW-DGW)) 0Q) for assessing condition state
(Castroet al, 1992). With the purpose of check if energy fongdic maturation comes
from feeding or from somatic tissue, three regmssiwere performed for males and
females in each coastal side, using ML as indepengeiable and GW, EBW and DGW
as the dependent variables, following methodologgscdbed by McGrath (2004).
Relationships between standardized residuals weatyzed, so that if, for example,
energy for gonad growth would be obtained at theeage of muscle tissues, a negative

correlation between ML-GW and ML-EBW residual pairsuld be expected.
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Length-weight relationships were performed for readaed females in different seasons
and maturity stages by fitting the data to the &qunaBW=a*ML" using ordinary least
square method. The valuelméxpresses the allometry level. Significant differesfrom 3
(isometry) were evaluated by linear transformatibthe potential equation (y=a*® log
y =log atb*log x), calculating confidence intenalb and then checking whether value 3

was within the range.

Reproductive cycle was assessed by monthly pragres$ sex ratio (females : males),
macroscopic maturity stages and also by the vanaf the following indexes:
Gonadosomatic index (GSI): GS¥ (TW / BW-TW) * 100; GSI = (OW / (BW -OW) *
100, and Hayashi index following Guerra (1975):nHENCW/ (NCW + TW); H}
=OCWI/(OCW + OW).

Mature males and females (stage IV) were used touleée the size-at-maturity
(MLsoy) and the percentage of mature individuals per moktLsgy, was estimated by
fitting relative length-frequency distribution fa&0 mm mantle length classes to a logistic
curve with the formula: P1/1+exp[e+BML;)], where Mlsoy, =-0/p (Sifner and Vrgoc,
2009). Non-linear least squares fitting method wsed. Weight at 50% maturity (B,
was calculated following the same method.

Pearson (r) and Spearman-rank correlatigh {8 the case of non-normal data, were
used for evaluating covariation between variablBgferences in variables among
categorical predictors were tested using non-patrami€ruskal-Wallis test for multiple
comparisons and Mann-Whitney for paired comparisobscause assumptions of
normality and homocedasticity were not fulfilledollew-up tests were conducted to
evaluate pairwise differences among the three groopntrolling for Type | error across
tests by adjusting of alpha using the Bonferromrapch §). All data were treated with
the statistical software STATISTICA 6.0.

Results

A total of 4,127 individuals (1,042 males, 3,079n#des and 6 indeterminate) were
analyzed during the present study. The specimanpled were geographically distributed
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as follows: 1,271 individuals (885 females, 383aesadnd 3 undetermined) in NGW; 2,072
individuals (1,482 females, 588 males and 2 undetexd) in WGW, and 783 individuals

(712 females, 71 males and 1 indeterminate) in WBWé to the high predominance of
females in all sampled sites and samples, the nuofb@ales in certain months did not

reach the intended 30 individuals. In these cadkayailable males were analyzed.

Length-weight relationships

Size and weight data of individuals sampled by sseason, maturity stage and
sampling sites are showed in Table 3.1. Kruskalhd/é¢sts showed differences in size
comparing separately males and females througtinr@é sites (p< 0.05). Mann-Whitney
U tests showed in each site significant difference®W and ML between males and

females (p<w).

Given this size differences between males and fesnaquations were calculated for
each sex and sampling area (Table 3.2). Valudsrahged from 2.29 to 2.76 and were
always significantly lower than 3 for these fittthgnd also for both sexes in all seasons
and maturity stage (data not showed), indicatingralV negative allometric growth.

Highest values db were obtained for females in all cases.

Sex ratio

Overall sex ratio (females: males) was significariilased to females, representing
74.71% of the whole sample. Sex ratio was alscelias females through sampling zones.
Sex ratio was 2.31:1, 2.52:1, and 10.02:1, for NGMGW and WPW, respectively.
Comparison between sex ratio through sampling lmeaghowed significant differences
between Galician and Portuguese samplesy p<General percentages of males and
females are showed in Figure 3.2. Females preddedira/er males in all samples with
the exception of February-March 2009 and Decemipdi0an WGW. Nevertheless, in
these cases the ratio was close to 1:1 and thex@evéound a predominance of males over

females.

Maturity stages, spawning season and Size and weight at first maturity

A total of 2,576 specimens (833 males and 1,74%kes) were used for these analyses.

Size and weight of mature males (stage V) vamecthf70 to 158 mm ML and 77 to 634 g
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Table 3.1. Number, size and weight data of individuals sampled by sex, season and maturity stage by sampling site.

Season/Maturit Sey NGW WGW WPW
ML BW ML BW ML BW
n Range ML+SE Range BW+SE n Range ML+SE Range BW+SE n Range ML+SE Range BW+SE
(mm) (@) (mm) (9) (mm) (@)

F 885 69-191  124.5+0.66 1702,_ 412.61+6.04 1482 45175 106.4810.5411Ec 286.72+4.09 712 55160 101.43+0.69 ;";; 228.97+4.7
General = = =

M 383  74-154 108.16+0.71 g; 257.08+4.66 588 56-158 97.29+0.75 gg“ 210.12+461 71 50-139 91.48+1.63 32'2 144.14+6.74

F 273 85173 128.41+1.06 é%gl' 450.54+9.92 168 60-175 124.124;1.7315185;c 449.41+1524 156 55145  84.86+1.21 ;"45,_ 138.2246.82
Autumn = =

M 119 79148 115.29+1.18 2%77 297.17+8.02 143 57-158 108.01+1.84 gg“ 290.91+11.98 17 5095 79.88+2.65 fgc 107.82+7.42

F 286 75191 125258107 Joo.  4015119.04 495 45167 106321085 oo  274.13+6.04 305 65157 107.69:0.91 oo, 26248658
Spring = .

M 107 75132 10112 jg‘e 211.86+6.88 90 62120 87.28+1.41 gg*l 155774712 33 68117  95+1.93 Zg‘l 150.36+8.2

L

F 148  80-175  115.4+1.64 gll; 315.36+12.32 296 48165 105.47+1.24 %gz 277.88+9.05 37 80131  97.38+1.87 3?% 181.24+10.51
Summer 116_ 41.

M 89 85139 1059:115 SO 22579:608 143 62131 103424114 oy 2302:7.41 0 : : - :

F 178 69-180 124.86+1.66 17o7éc 453.33+17.06 523 54162 10157+0.8 g:?‘_e 251.36+5.69 214 60-160 105.28+1.23 ;‘3‘: 255.62+9.39
Winter =

M 68  74-154 109.9+1.86 g; 300.18+1343 212 56-140 90.17+0.99 gg;] 165.1545.22 21 80-139  95.33+3.2 3602 163.76+16.02

F 200 69-152 108.85+1.04 ;;'2 271.7147.77 470 45150  95.2140.87 %S*‘] 209.9845.61 282 55135  87.73+0.87 ﬁe 147.94+4.39
Inmature 112 40 42

M 49 79127 10445:146 Lo 20560:814 155 57128 939+138 L0  18134:742 26 50105 82814218 ,o-  114.04+7.54

F 205 73167 124.24+1.24 g%“c' 410.23+10.51 406  60-163 105.68+1.01 ;‘3‘0 281.99+7.65 192  79-155 105.21+0.96 ;45 247.24+7.41
Maturing -

M 138 75140 109.82+1.09 Zi’q 257.43:6.16 148 58138 100.00£159 v  229.88:0.65 7  68-105 80.29+4.55 Zg; 130.57+17.95

F 198  75-175 125.21+1.36 igg; 429.68+12.96 264 73175 112.8111.0916175_C 329.52+9.7 137 80155 110.07+1.29 ‘7’& 286.39+11.46

Prespawning = =

M 54 74143 107.24+2.39 ;?s 264.89+16.09 162 65-145 96.87+1.4 231 203.63+8.59 9 84105 9222427 gg’z 143.78+15.59

F 280 11%% 135.59+0.97 fgg',_ 504.46+10.39 327 75167 119.46+0.87 19295; 373.39+8.36 100 94160 120.92+1.28 17‘;% 344.13+12.24
Mature = =

M 142 75154 108.18+1.21 %1;4 272.05+8.35 110 70-158 101.57+1.61 g;‘ 24375+11.61 29 78-139 99.55+2.43 332 174.52+11.43
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BW, respectively. ML and BW in females (stagesaid 1V) ranged from 73 to 191
mm and BW from 67 to 1159 g, respectively. Montkiyolution of the maturity stages
percentage for males and females in sampling areshowed in Figure. 3 Fully mature
females were present in NGW and WGW almost throughlbe year. However, they
disappeared from September to March in WPW. A pdakature females appeared in
May-June. Immature females appeared immediater afiature peak and were present

during winter in all sites and increasing theirgadion to the south.

Table 3.2. Length-weight fitting adjustment for males and females in NGW, WGW and WPW.

Males Females

BW = 0.0036*ML23°?  BW= 0.0014*ML%5%%3

North Galician waters (NGW)
n=382; r2 = 0.7517 n=880; r2 = 0.8402

BW = 0.0012*ML%%1%°  Bw = 0.0007*ML%76%°

West Galician waters (WGW)
n=575; r2 = 0.8446 n=1465; r2 = 0.8867

BW=0.0043*ML??%!  BW=0.0007*ML?"%07

West Portuguese waters (WPW)
n=71; f=0.8471 n=712; f=0.8828

In WPW the predominance of immature specimens dstérom August to February.

Post-spawning females were not found in any ostmapled locations.

Mature males were present from early winter to Ilstenmer, exhibiting a wider
maturation season, with a peak in spring. Malesuredt at smaller sizes than females.
Concerning to WPW males, data are clearly biasepnil 2010, due to the scarce number
of males found in this sample (n=2), but seem®liow the same seasonal pattern than in
northern samples. As in females, proportion of ifurea males increased towards the

south.

After reaching the peak of abundance of matureviddals, stages Il and Ill specimens
almost disappear for one or two months in whichgbpulation consists in a decreasing

proportion of mature individuals and a sudden gnawproportion of immature
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Figure 3.2. Sex ratio temporal variation in NGW(performed from Feb/09 until Dec/10),
WGW (performed from Feb/09 until Jan/11) and WPW( performed from Mar/10 until

Jul/11). Black and grey areas show proportion of males and females, respectively.
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Figure 3.3. Temporal variation in Maturity stages for males and females for NGW
(Feb/09 until Dec/10), WGW(Feb/09 until Jan/11) and WPW (Mar/10 until Jul/11).
Increasing grey scale showing maturity stages. Lighter grey: stage I (immature);
intermediate grey: stage Il (maturing); dark grey: Stage III (pre-spawning); black: Stage
IV (mature individuals).
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Logistic fit coefficients and estimations of M, and BW, for each sex and sampling
site are showed in Table 3.3. Both M and BWq, increase from the south towards

northern waters, for both males and females.

Table 3.3. Logistic fit parameters and MLsgy and BWsgy, for males and females in NGW, WGW

and WPW.
NGW WGW WPW
Males Females Males Females Males Females
a -13.778 -14.975 -11.162 -12.423 -10.914 -10.438
B 0.126 0.111 0.112 0.102 0.119 0.103

r 0.9996 0.9995 0.990 0.9989 0.98863 0.99382
ML50% (mm) 108.893 134515 99.250 121.434 91.409 100.799

a -4.962 -4.916 -2.255 -4.132 -4.426 -2.775

B 0.017 0.010 0.010 0.010 0.028 0.0115

r 0.9871 0.9889 0.9659 0.9771 0.9628 0.9561
BW50% (g) 294.303 497.719 227.486 415.856 156.757 242.038

Reproductive outputs and potential/relative fecundity

Mantle length (ML) and Gonad Weight showed a sigaiitly correlation in both males
(rs 0.73; p<0.05) and females: (0.63; p<0.05).

Overall number of spermatophores for mature maeged from 26 to 158, with an
average of 86.55+1.89 (meantS.E.). SpermatophagtHeranged from 23.07 to 72.71
mm, with an average of 44.97£0.29 mm. The ovenathber of spermatophores per gram
of BW in males ranged from 0.08 to 1.5, with a me&r®.39+0.22 spermatophores.g
Table 3.4 shows the overall number of spermatogharel their sizes, as well as the

number of spermatophores per gram of BW in eaclpbagnlocation.

Significant differences were found (Mann-Whitneytékts; p<;) in the number of
spermatophores among the three sampled zones]ssndamcerning to their size, except
among WGW and WPW. A positive correlation was foubdtween ML and
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spermatophore length in mature males {r48; p<0.05; see Figure 3.4), but not between
ML and spermatophore number (p>0.05).

Potential fecundity in pre-spawning and mature fesiaanged from 547 to 6545
oocytes per ovary, with an average of 2453+36. tlerf oocytes ranged from 1.83 to
5.78 mm with a mean of 3.89+0.03 mm. Overall relafecundity (RF) in whole sampled
females ranged from 2.57 to 17.67 oocytes per gvath,a mean of 6.58+0.13 oocytes per

gram. PF, RF and oocytes sizes in each samplie@tshowed in table 3.4.

Positive correlation between PF and ML (.63; p<0.05) was found, and also between
oocytes length and ML, although it was quite werk @.21; p<0.05) (Figure 3.4). PF
increased with latitude, showing significant difieces (Mann-Whitney U tests; p<0.05)
among sampling sites, but oocytes sizes did not.

Eight females (0.26% of total females) were feréitl, presenting spermatangia inside
the ovary. Six of them were mature individuals gstdV), captured in winter and late

spring, but two were pre-spawning animals (stadge daught in late spring and late
summer.

Table 3.4. Overall reproductive outputs and potential /relative fecundity for males and females
in each sampling location.

NGW WGW WPW
Spermatophore length (mm) 46.02+0.76  44.61+0.89 41.58+0.97
Spermatophore length range (mm) 23.07-72.71 29.78-66.87 27.119-50.58
Males Spermatophore number 90.52+2.37 72.28+2.92 106.55#5.5
Spermatophore number range 38-158 26-134 39-154
Spermatophore per gram 0.35+0.01 0.35+0.02 0.67+0.05
Spermatophore per gram range 0.11-0.86 0.08-0.89 0.19-1.5
Oocytes length (mm) 3.92+0.04 3.84+0.04 3.91+0.06
Oocytes lenght range (mm) 2.09-5.78 1.85-5.77 0.09-5.56
Females Potential fecundity 2756.71+58.29 2378.75154 1966.86+66.42
Potential fecundity range 961-6545 547-5897 777-4802
Relative fecundity 6.33+0.12 6.81+0.13 6.71+0.14
Relative fecundity range 2.6-13.93 2.58-17.67 3.14-11.65
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Figure 3.4. Relationships between Potential fecundity (PF), oocites size and spermatophores size
versus mantle length (ML).



Reproductive cycle

Gonadal and Condition indexes GSI and HI

Monthly evolution of GSI, HI and DGI by sex are sleml in Figure 3.5. Gonadic
indexes trends in females were similar in NGW, W@ WPW, showing a negative
overall correlation between GSI and H=0,54; p<0.05). Lower values of HI correspond
with high maturity and vice versa. GSI reach highelues in NGW than in WGW or
WPW females.

Digestive gland index (DGI) in females had an ahmu@ximum during the spring and
summer, showing significant positive correlationhaGSI (£=0,12; p<0.05), and also with
ML, BW, and maturity stage; and negative corretatath HI (r=-0.10; p<0.05).

Temporal evolution of male gonadic indexes (GSI dhdfollowed a parallel pattern,
showing significant positive correlation, & 0.96, p <0.05) and negative with DG
0.60 and &-0.55, respectively) (p <0.05). Males DGI alsowld negative correlation
with ML, BW and maturity stage (p<0.05).

Table 3.5. Standardized residual correlations parameters.

Sampling site Valid Spearman t(N-2) p-level

Female GWres vs. Female EBWres Overall 1716 -0,107 -4,459 p<0.001
NGW 584  -0.217 -5.380 p<0.001
wWGwW 643  -0.043 -1.113 0.265
WPW 489 0.061 1.356 0.175
Female GWres vs. Female DGWres Overall 1716 0,236 10,056 p<0.001
NGW 584  0.255 6.364 p<0.001
WGW 643 0.212 5.508 p<0.001
WPW 489 0.337 7-916 p<0.001
Male GWres vs. Male EBWres Overall 821 0,468 15,172 p<0.05
NGW 325 0.567 12.377 p<0.001
WGW 426 0.444 10.214 p<0.001
WPW 70 0.087 0.718 0.475
Male GWres vs. Male DGWres Overall 821 -0,084 -2,417 p<0.05
NGW 325 -0.089 -1.603 0.110
WGW 426 -0.059 -1.218 0.223
WPW 70 -0.169 -1.416 0.161
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Overall standardized residual analyses parametersheowed in table 3.5. Correlation
between GW-ML residuals and DGW-ML residuals wagn#icant and positive for
females of each coastal side, suggesting that nmemé of gonad condition was not
acquired at the expense of digestive gland reseResults for the analysis between GW-
ML residuals and EBW-ML residuals showed weak nggatorrelation for NGW
specimens and no correlation in WGW and WPW. Caoniegrto males, no significant
correlation was found between GW-ML residuals an@WDML residuals. Analysis
between GW-ML and EBW-ML standardized residualswatb positive correlation in
NGW and WGW sampling sites. WPW data analysis skdaveecorrelation.

Discussion

Comparing geographical areasales and females. cirrhosainhabiting north-western
Iberian waters were of intermediate body size omraye when compared with their
conspecifics of the same sex of Scottish watergravfemales reach up to 2 kg BW, and
the smaller animals from the western Mediterrar(@ayle et al, 1988). This gradient was
also observed in our study, where Portuguese iddials reached smaller sizes than their
northern neighbours. Sampling bias, due to somferdiices in gears selectivity and
fishing techniques, may influence the explanatibthat gradient. However, as indicated
by Boyle et al. (1988) when compared Aberdeen (8&cd) and Banyuls (western
Mediterranean) populations, it is highly unlikehat these differences result from selective
sampling. In our case (Galician and Portuguesergjti is also more plausible because
fishing operations are undertaken in a very simit@nner in both geographical zones,
since several trawlers fished in a wide area of gamable bottom topography and depths,
and with the same mesh size. Size differencesdsgtvanimals of the same cephalopod
species from different geographic areas were ptedeim several occasions. Thus, the
squid Loligo forbesiifrom Azores differs markedly from those collectedcontinental
shelf European Waters (Piere¢ al, 1994). Although body dimensions were correlated
with average sea-surface, these authors indicatattts unlikely that size differences can
be accounted for simply in terms of the effect @ftev temperature and that it remains
possible that the response to environmental fagtotsder genetic control. On the other
hand, distinct and significant geographical clinas microsatellite allele frequencies

(Perez-Losadat al, 2002) and allozyme alleles (Perez-Losatlal, 1999) were observed
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extending between the Atlantic and Mediterraneajioress sampled within the range of
Sepia officinalis. The most commonly proposed causes of clinal peatan gene
frequencies are selection across an environmemgalient, random genetic drift with
isolation-by distance effects, and secondary corgad introgression between previously

isolated and genetically divergent populations ¢Pdrosadaet al, 2002).
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Figure 3.5. Temporal variation of Gonadal (GSI and HI) and Condition indexes (DGI) for males and
females in NGW, WGW and WPW.
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Values ofb coefficient in length-weight relationship fitteceve significantly lower than
3, indicating an overall negative allometric grovitin males and females through all the
sampling sites. Our results agreed with the obselwe Marano (1993, 1996) fdE.
cirrhosa and were similar to those found Eledone moschatéy Sifner and Vrgoc
(2009), both of them with animals from the AdriaBea.

Bias in sex ratio similar to that found by us instlstudy, mightily biased towards
females, was previously reported for this speaieSdottish (Boyle and Knobloch, 1982a)
and western Mediterranean populations (Mangold-Wi&63; Moriyasu, 1981) and in a
simultaneous comparison undertaken in both areagl€lt al, 1988). SinceE. cirrhosa
distribution in western Mediterranean shows a sfigtisegregated pattern by sex and
maturity stages (Mangolet al, 1971), population structure found in any samptadd be
biased for the area inhabiting by the individudlbus, Magold-Wirz (1963) found that
males dominated over females during the reprodugteriod.E. moschataalso showed
male dominance in Tunisian waters (Ezzeddine-Nag®7) as well as in the Adriatic Sea
during summer time (Sifner and Vrgoc, 2009). Howe\gilva et al. (2004) found that
females of this species dominated significantlptighout a sampling period of one year in
the Gulf of Cadiz. Fishing ground selection by coenoml trawlers, which varies
throughout the year depending on target specigghdsubstrate composition and distance
from the coastline, could account for the variationsex ratio found. Furthermore, the
smaller size of males would naturally cause therbeainder-represented in trawl-caught
samples (Boyleet al, 1988). In any case, the lack of detailed datdahenspecific catch
location of commercial trawlers prevents a plaws#tplanation of this unbalance. On the
other hand, sex ratio differences throughout ther yee deeply supported if bias toward
one sex occurs in all sampled areas at the sane damd, in consequence, occasional
differences on this matter should be considereslifaportant to obtain an accurate pattern

of sex ratio.

The evolution of maturity stages as well as theddn and gonadic indices .
cirrhosa females suggest that the spawning season of thaespn Atlantic Iberian is
concentrated in late spring and early summer. Migoe were no clear differences in the
reproductive season between different sampling sar@ais pattern of seasonality is
comparable to that described in the Mediterrandastk&ditou and Papaconstantinou,
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1995; Mangold-Wirz, 1963; Moriyasu, 1988), but acouore earlier than the spawning
season found in Scottish waters (Boyle and Knohl@8B83), where it extends from July to
September. Data about the spawning season ofotigeenerE. moschatan the Gulf of
Cadiz (Silvaet al, 2004) and the Adriatic Sea (Sifner and Vrgoc, 90@overing from
March to August, suggests that latitude, througly-mght duration, is a important
parameter influencing sexual maturation. Furtheemoprevious publication point
relationship between optic glands enlargement anthfe gonad maturation iB. cirrhosa
(Boyle and Thorpe, 1984), suggesting that lighteption might be involved in maturation
process. Our data shows an increasing proportiemmiature individuals southward in all
sampling sites and for both males and females, esigg a latitudinal effects over life-
cycle, as has been suggested for other cephalopastern Atlantic like.oligo forbesii
(Boyle et al, 2004; Thomaet al, 2004) orlex coindetii(Arvanitidis et al, 2002).

This is the first time that size and weight attfirgaturityis determinedor E. cirrhosa
in Atlantic waters. Samples from NGW and WGW shovader sizes at first maturity
than WPW. Portuguese samples showed agbdkimilar to those reported by Soro &
Piccinetti (1989) in the Adriatic Sea. These resuallso match in a general scenario of

latitudinal gradient of variation.

In terms of reproductive parameters, previousditae indicated important differences
in the number of oocytes in mature females fromaitic and Mediterranean samplings
(Boyle et al, 1988). In North Atlantic populations, ovariesrfranature females have more
and larger oocytes than those belonging to Meditexan samples, although Boyle (1983)
suggested that those differences could be duealodiferences in populations or to the
methods of estimation. Concerning males, the nurabspermatophores is also higher in
populations from northern Europe. However, theiegiange is similar and even larger in
individuals from the Mediterranean (Boyle and Kramhl, 1984). Differences found in
spermatophore number and size studied herein, hsasvéhe positive correlation found
between ML and spermatophore length, agreed wehigus publications for this species
(Boyle and Knobloch, 1982b, 1984). No correlatiomswfound between ML and

spermatophore number (p>0.05).
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The range of the number of oocytes (potential fdayhgiven by Boyle & Knobloch
(1983) was a 5 times higher than the estimatetarptesent paper. Nevertheless, it seems
that PF in Scotland is higher than that in Ibenaters, as shown in Table 3.6.

Since GSI represents the percentage of ovary wedghthe total weight of the
individual, higher values in northern samples (Fégw8.3) might be due to a higher

percentage of mature individuals northwards, unizatey the average.

Considerable debate exists over the role of thedtiige gland as a storage organ and its
use for ripeness in cephalopods. Available inforomabn this subject is often sketchy and
even opposite. Somatic tissues have been fountaw structural-biochemical changes.
Octopus mimushows decreased weight of the digestive glandvamtle mass during the
spawning and egg care phases (Zamora and OIli\2084). However the absence of post-
spawning data irE.cirrhosa prevents us to discuss this subject. Obtained datahe
relationships between the gonadosomatic and Haydices versus DGI indicate that the
energy needed for the gonad ripeness in femalee doom the diet instead that from
endogenous reserves, suggesting that digestivel glanld not act as a storage organ in
this specie. Our data are inconclusive about tleeofisnuscle tissues for gonadic ripeness
in females; nevertheless, relationships betweendatdized residuals from regressions
suggest no gonadic growth at the expense of digesgfland tissues. This conclusion
agrees with Rosa et al. (2004b) tor cirrhosaandE. moschataand also with reports on
other octopods, like®. vulgarisand O. defilippi that use energy from food rather than
from stored products for egg production (Resaal, 2004a). This model contrasts with
that proposed by O'Dor & Wells (1978), accordingvtach O. vulgarisbody musculature
would be the energy supplier for final stages ofuration. Other publications support the
hypothesis that digestive gland would not acts aeage organ, like Castro et al. (1991)
in Sepia officinalisor Semmens (1998) in loliginid squi@epioteuthis lessonianand

Photololigo sp

Females DGI annual maximum during spring and sunobserved in our data was also
found in Octopus vulgarioff the Galician coasts (Otert al, 2007) matching with the
reproduction period and with seasonal upwelling noimeenon occurring during the

summer months. The negative correlation found betw@SI| and HI versus DGI in males
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needed to clarify that issue, on which very fewadatists in the literature.

Table 3.6. General reproductive and ecological traits of E. cirrhosa from three different studied

areas.

North Atlantic
(Boyle, 1983)

Western Iberian peninsula

Western Mediterranean

(Mangold-Wirtz, 1963)

Maximum Weight
Oocytes number

Oocytes size

Spermatophore
number

Spermatophore size

Reproductive period

2,000 g
2200-55000

7 mm (mode)

97-290

36-49 mm

Throughout the year

1,160 g
547-6545

0.09-5.78 mm

26-158

23-73 mm

Throughout the year, with a

peak in May-June

Less than 1,000 g
Up to 3900

1.8-7 mm

Up to 150

43-54 mm

End of may to mid-august

Bathymetric )
o Shoreline—770 m  55-536 m (Costa et al. 2005) 50-300 m
distribution
Habitat Rock, sand and mud Rock, sand and mud Muddy bottoms
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CHAPTER 4. Habitat and Distribution

This chapter is published as Regueira M., GonzAlgz and Guerra A., 2014. Habitat
selection and population spreading of the hornetbjmes Eledone cirrhosglLamarck,
1798) in Galician waters (NW Atlantic). Fish. R&52: 66-73.
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Habitat selection and population spreading of the horned octopus
Eledone cirrhosa (Lamarck, 1798) in Galician waters (NE Atlantic)

Abstract

Distribution and abundance &ledone cirrhosaa benthic octopus inhabiting the NE
Atlantic and Mediterranean Sea, were studied irthaaestern Iberian waters. Capture
data collected during two series of surveys, cdroet during summer-autumn in Galician
waters (NE Atlantic Ocean), were analysed. “Galigaries G1, G2and G3) extended
along the Galician continental shelf from Ribadda ® Mifio Estuary in 1974, 1975 and
1976, and “Cigala” seriesC(06, C 07and C 08 were recorded from Finisterre Cape to
Mifio Estuary in 2006, 2007 and 2008. Data fromtaltof 276 trawls, ranging from 50 to
500 m, and corresponding environmental parametene wransferred to a Geographic
Information System (GIS), providing a platform fa spatial-temporal analysis.
Bathymetric distribution, variations in abundanb&mass and average body size of the
octopus Eledone cirrhosawere analysed through depth strata and seasorgheHi
abundances were obtained in the intermediate stratan autumn, most likely due to new
recruits. Largest sizes dE. cirrhosa were collected in summer and average weight
increased with depth throughout the sampling peridiese variations of biomass and
abundance suggest the existence of segregatiozdoprsd agree with the landings pattern
of the trawlers fishery, in whiclE. cirrhosais not a target species. No significant
differences were found betwe&il and G2 surveys or betwee@ ones, performed at the
same dates, suggesting that the polled data okgsirare useful tools for representing
phenological stages of the species. Collected dath developed models illustrate a
migratory behaviour during the reproductive perigdmong the eight environmental
variables considered, only the latitude remaineghiBcant in all developed models,

suggesting an effect of photoperiod over the sgatigribution.

Keywords: Eledone cirrhosadistribution, abundance, GIS, habitat select®AMs.
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Introduction

The horned octopuskledone cirrhosa(Lamarck, 1798) is a benthic cephalopod
inhabiting rocky and muddy bottoms over the conttakshelf and slope of north-western
Atlantic and Mediterranean Sea (Boyle, 1983). dtgudinal distribution ranges from 66-

67° N to an undefined limit in Moroccan coasts (Bagl992).

The commercial importance d&. cirrhosahas increased during the last years in the
Galician trawling fishery (NW Spain), which targétake, mackerel, monkfish or Norway
lobster. Its landings ranged from 545 to 2100 mébns in Galicia during the last 15 years
(www.pescadegalicia.com). Despite its increasingnemic importance, its biology in
north-western Iberian waters (Spain and Portugadl)remains poorly known, in contrast
with the rest of its distribution range. Factorfeefing the distribution oE. cirrhosain the
Mediterranean have been previously studied, pdatigufrom a fishery perspective, and
mainly in central and western Mediterranean ba@edcari et al, 2002; Giordancet al,
2010; Lefkaditouet al, 2000; Pertierra and Sanchez, 2005; Saletaal, 2000; Wurtzet
al.,, 1992). On the other hand, previous studies on gpecies, comparing north Atlantic
and Mediterranean populations, revealed signifidaislogical (mean size, spawning
season, fecundity, etc.) and ecological (bathymedrstribution, habitat selection, etc.)
differences (Boyleet al, 1988). Western Mediterranean specimens are smallth a
maximum weight lower than 1 Kg, and inhabits mutddytom in circalitoral and bathyal
levels (Mangold-Wirz, 1963). Spawning season pehksn end of May to August
(Mangold-Wirz, 1963), although some individualswpan April (Mangoldet al, 1971).
On the other hand, north Atlantic specimens readfel sizes (up to 2 Kg) and dwell in a
wider range of depth, from coastline to continestape (Boyle, 1983). Early life stages of
this species in this area have been found througiheuyear, which confirm an extended
spawning season (Boyle, 1983 quoting Russel 19%il Stephen, 1944) . In Scottish
waters,E. cirrhosais caught in rocky, sandy or muddy bottoms. Sihig species have no
commercial interest in northern Europe, most ofdatehes are sold in local markets and
exported to Mediterranean countries (Boyle, 1986).

Landings of this species in the North-western Hemarbours show a cyclical annual
pattern (Figure 4.1), closely linked to their reguotive cycle (Regueira et al., 2013).
During spring (March-May), and coinciding with theaturation peak, captures reach its
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maximum and then decreases until late summer (duBeptember), when most of adult
individuals disappear due to the post-reproduaticetality. Because the continental shelf
areas off Spain and Portugal are relatively narkoveirrhosais distributed along a thin

fringe parallel to the coast connecting north Afilarand Mediterranean waters. This
Iberian population shows intermediate charactedgstbetween north Atlantic and
Mediterranean populations (Regueied al, 2013), illustrating the gradient in the

ecosystem conditions.
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Figure 4.1. Monthly landings of Eledone cirrhosa registered in Galician harbors during the period
2001-2010 (data source: www.pescadegalicia.com). The evolution of annual landings shows an
increasing trend of catches year by year and a clear annual cyclical pattern, closely linked to the
reproductive cycle of the species.

Ecological niche can be thought to conform a n-disn@nal space where each
dimension represents one environmental variableresource in which species are
distributed according to their particular requirertse(Hutchinson, 1957). Marine species-
specific habitats, where they can feed, grow, neatand spawn to sustain their
populations, are commonly known as Essential Fiabitdt (EFH) as defined by the EC
Habitats Directive (Council Directive 92/43/EEC 2f May 1992 on the Conservation of
Natural Habitats and of Wild Fauna and Flora). @htarization of EFH is crucial to
improve our knowledge on the relationship amondid@and abiotic factors with life cycle

of the species, and a fisheries sustainable marager®eneralized Additive Models
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(GAMSs), a form of General Linear Models (GLM), ctihgge the most common and well
developed method for modelling fish habitats (Valaig et al, 2008a), and provides the
possibility to model different environmental sceasy including non-linear responses of
biological variables to environmental forcing vées. On the other hand, they allow to
define the optimal areas of potential distributionthe particular stages of the species life
cycle, e.g. areas of larval development and recraiitd adults grounds (Sanchetzal,
2008) and seem to represent a good trade-off batweelel complexity and performance

for a diverse set of species (Meynard and Quinf720

The aim of this paper is to describe migratory beha of E. cirrhosg by defining
habitat use during three particular stages ofeijgsaductive period, according to catch data

registered in two survey series performed in sumaeumn in NW Iberian waters.

Material and methods
Study area

The study area comprised the northwest coast olbéan Peninsula, from the Ria of
Ribadeo to the Mifio river estuary, on the bordetwken Spain and Portugal. For
descriptive purposes, and according to main caasttation, the studied area was divided
in three regions: Northern area (N) from Ria ofd&iéo to cape Ortegal, north-western
area (NW) from cape Ortegal to cape Finisterrevaestern area (W) from cape Finisterre

to Mifio river estuary (Figure 4.2).

Datasets

Capture data from two series of surveys, comprisirigtal of 276 trawls with a depth
range from 50 to 500 m and carried out during surreméumn in Galician waters, were
considered. Dates and geographical area are susedaim Table 4.1. Surveys were
performed in the research vess€lanide de Saavedrgs surveys) andEmma Bardar(C
surveys). According to characteristics of the boatsl fishing gear used (Table 4.2)

capture data from both surveys series were coresices comparable.
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A preliminary statistical analysis was performeddoynparng data between surveys,
order to check whether there are significant défifees (at 95%) in abundance (individu
per mile), biomass (grams per mile) and averagghtesf individuals (g) through dep
strata. Since the assumptions of normality aomoscedasticity were not met, multi|
comparisons among zones and strata were testegl msi-parametric Krusk—Wallis test
and MannvVhitney for paired comparisons. Bonferroni approaes used to adjust alp

(o), in order to control Type | error across te(Zar, 1999).

According to the season when fishing were performeeti based on reproducti
dynamics ofE. cirrhosa surveys represent three different stages of itaecycle of the
species: reproductive @&son (G3 survey), p-spawning season (G1 and G2 surveys)
recruitment season (C surveys), which allows a plogjcal approach to life cycle of tl

species.

Survey

Gl1
G2
G3
C 06
C o7
C 08

=}

® » B o »

Figure 4.2. Data from three series of surveys have been considered to infer spatial-temporal patterns
of Eledone cirrhosa in North-western Iberian. The map shows hauls distribution by survey through
sampling areas. G series surveys (1974-1976) are drawn in grey and C series surveys (2006-2008) are
drawn in black.
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Table 4.1. Data from a total of six surveys, corresponding to two series, were considered in order to
infer temporal and spatial variations in distribution and abundance of the octopus Eledone cirrhosa in
north-western Iberian waters. The table shows a summary of the surveys, with information about
dates and zones where capture data were obtained.

Survey Survey Date Number Sampled Zone
Series of hauls
Galicia (G) G1 September 1974 27 From Bares Cape to Mifio estuary
G2 August-September 67 From Ria de Ribadeo to Mifio
1975 estuary
G3 June-July 1976 68 From Ria de Ribadeo to Mifio
estuary
Cigala (C) Cco06 October-November 29 From Finisterre cape to Mifio
2006 estuary
co7 October-November 42 From Finisterre cape to Mifio
2007 estuary
co8 October-November 43 From Finisterre cape to Mifio
2006 estuary

Table 4.2. Capture data were obtained from two series of surveys carried out in two different boats.
Table shows a description of the vessels and fishing gear used. According to their characteristics, data
obtained in all six surveys series were considered as comparable.

Cornide de Saavedra Emma Bardan

Vessel LOA 58m 29m
Horsepower 2x625 C.V. 900 C.V.

Fishing gear leadline lenght 53m 52 m
Sweepline lenght 130 m 160 m
meshsize 35.5mm 40mm

Capturedata were adapted to a digital database for eaokeysuadding positional
information in UTM 29N (datum WGS84). Datasets waensferred to a GIS, allowing
spatio-temporal analysis of data (Piesteal, 2001). DuringGalicia (G) surveys, a set of
environmental data acquisition sites was assogciagglstering salinity and temperature in
the water column. Sincg. cirrhosais a benthic cephalopod, bottom information was
selected and then interpolated, in order to add dbmesponding information to the
biological dataset. Depth and slope information whisined from GEBCO 30 arc-second
bathymetry grid layer, and transferred to each maobrd. A series of grid layers was

performed representing the distance to the coamst) Yectorial coastline layer, and mean
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net primary production, generated from HCAF v.4 adgdKaschneret al, 2008).
Corresponding information were transferred to edatia point.

The same methodology was followed @surveys. Although due to the lack of bottom
salinity and temperature associated direct measmtnthis information was obtained by
interpolating information from oceanographic samgé from World Ocean Database,
available in NOAA agency website (http://www.nodzaa.gov). Information about data
source and pre-treatment can be found in Johmrgoal. (2009). Time-corresponding
available records were selected and included imoirt file with the available information
of each survey. As it surveys, bottom data were selected for each sanpoliat with the
aim of modelling each variable in the ocean bedsummary of all environmental
variables source can be found in Table 4.3. Fislpomts were enriched with time-
corresponding environmental data from the creabadirmuous layers, establishing our data

matrix.

Modelling

Data for each survey were fitted to a GAM modehanparametric analogous to a
GLM, suitable for solving the problems of planniagd management in large territorial
areas (Seoane and Bustamante, 2001), and moreddefywsed to determine the

distribution of a species based on environmentamaters (Valavanist al, 2008b).

The use of GAMs provides the possibility to modeéledent environmental scenarios,
including non-linear responses of biological valeslto environmental forcing ones using
smooth functions, and to define the optimal ardgsotential distribution for the particular
stages of the species life cycle (Sanckeal, 2008). The advantage of this analytical
approach is its flexibility modelling complex ret@aiships between response and predictor
variables. A specificity of GAM models, as oppogedsimple linear models, is that the
response variable is modelled by specifying theedgthg error distribution of the model
and the link function appropriate to each type afiable which relates the response
variable to the predictors. In our case, distritmutused for this application of the GAM
was a Poisson, which is appropriate for descrilvengdom occurrences and count data
(Sokal and Ronhlf, 1981; Zar, 1999), with a log Irgtating the abundance (individuals per
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mile) to the predictor variables. To prevent prafdeof instability of the models through
the phenomenon known as multicollinearity, a pralamy analysis of these variables were
made, avoiding to include variables with collingatigher than 80% (Crec’hrioat al,
2008) ( Table 4.4).

Table 4.3. A set of environmental variables was added to each model, in order to consider their
influence on the distribution and abundance of E. cirrhosa throughout their reproductive season. Table
shows a summary of environmental variables collected for each survey and source description.

Variable Abreviation Description

UTM Longitude UTM_LONG UTM longitude layer Generated from cartography. Units: meters
(UTM 29N ;WGS84)

UTM Latitude UTM_LAT UTM latitude layer Generated from cartography. Units: meters (
UTM 29N ;WGS84)

Depth (m) D GEBCO Bathymetry layer 30 arc-second grid generated by

combining quality-controlled ship depth soundings with
interpolation between sounding points guided by satellite-
derived gravity data.

Slope (degrees) SL Slope layer generated from bathymetry.
Sea bottom salinity SBS G surveys: SBS layer generated by interpolation from
(PSU) oceanographic samplings.

C surveys: SBS layer generated by interpolation from NOAA
agency website registers.

Sea bottom SBT G surveys: SBT layer generated by interpolation from

temperature (degrees oceanographic samplings.

Celsius) C surveys: SBT layer generated by interpolation from NOAA
agency website registers.

Mean Primary NPP Annual mean Net Primary Production layer generated by

productivity (mgC*m- interpolation of HCAF v.4 data.

2*day-1)

Distance to coast (m) DC Buffer generated from vectorial coastline layer.

Table 4.4. Autocorrelation matrix between layers of environmental variables included in the
distribution models. Asterisks indicate correlations greater than 80%; in those cases variables were
not included simultaneously to develop each model.

Layer DISTCOST LAT LONG PPN PROF SBS SBT SLOPE
DISTCOST  1,0000*

LAT -0,0137 1,0000*

LONG -0,7304 0,4129 1,0000*

PPN -0,7109 -0,3969 0,1898 1,0000*

PROF -0,8184*  -0,2088 0,5890 0,6335 1,0000*

SBS -0,8796*  -0,1750  0,6088 0,8157* 0,8717* 1,0000*

SBT -0,8926*  -0,1094  0,6325 0,8044*  0,8706* 0,9899*  1,0000*

SLOPE -0,0728 0,2013 0,2050 -0,1199 -0,0477 -0,0920  -0,1045 1,0000*
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Bathymetric distribution of the species in Galiciemntinental shelf is still unknown,
although there are no records in the littoral zdnhethermore, its deepest record is around
1000 m in Hebrides slope (Boyé al, 1998). According to this and in order to obtain a
more accurate model, additional absence data waauced in the model in both coastal

waters and in depths higher than 800 m.

All possible models were fitted by permutation egagable environmental variables.
The best model was considered the one where akblas remained significant after
successive elimination of the variables that wese mhis way of selection was chosen
because after assessing AIC values, we found tina¢ ®f the best models did not evaluate
any of the variables as significant. As a resultolined a single model for each survey.

The GAMs models developed were implemented by MaGeospatial Ecology Tools
for ESRI ArcGis v.9.3.

Results

Overall comparisons between general abundancesyals® and average weight of all
surveys showed significant differences (Kruskal-Ngalest: H (5, N= 276) p<0.001).
However, according to the analyses of pooled data the surveys carried out during the
same monthG1 andG2 surveys andC surveys), we cannot reject the null hypothesis of
homogeneity (p>0.01). Thus, comparisons betweerergerabundance fron® surveys
showed significant differences betwe&3 survey andG1l and G2 surveys (psi). NoO

differences were found betwe@&i andG2 (p>u;), performed in the same season.

Catches per depth strata (individuals per nautraéd) are shown in Table 4.5. Higher
abundances were recorded in intermediate depthZQ00n strata), with the exceptions of
North and West Galician regions (81 and G3 surveys, respectively, in which higher
abundances were concentrated at 200-500 m stsdone abundance was higher in
surveys C than in surveys G. In G series the loaleshdances were registered in the north

region (N).

Significant differences in abundance were foundveenh 100-200 m and 200-500 m
strata in NW region durinG2 andG3 (p<o;). Abundance irC 06 also showed differences
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between 50-100 m and 100-200 m, an€if7 were detected dissimilarities between 100-
200 m and 200-500 m strata. Some other of the gha@wenparisons could not be made, or

are meaningless, due to the eventual scarcityagHar a given stratum.

Biomass data (g/nautical mile) per strata are showiiable 4.6. In contrast to the
abundance data, higher biomasses were generaflydezt at greater depths. Significant
differences (ps;) were found between 50-100 m and 100-200 m sinafa06 survey and
between 100-200 m and 200-500 m strat&€i®7, and NW region inG2. Significant
differences were also found combining abundancestpata fromC surveys between 50-
100 and 100-200 and also between 100-200 and 200¥b@p<;). Data showed also
differences between biomass in 50-100 m and 100-28 not in average weight.

Corresponding results were found analysing avenagght (g) of the animals per depth
strata (Table 4.7). Higher average sizes were gépdound at deeper strata. Differences
in size were also statistically significant betwd#kR100 m and 100-200 m strataGn06
survey and between 100-200 m and 200-500 m str&&&0i7 and NW region irG2.

Obtained models are summarized in Table 4.8. Figug illustrates the effect of
smoothing function for the variables included ire tmodel developed fo&1 survey.
Model-derived abundance maps for each survey an@rsin Figure 4.4. Model performed
for early summer surveyG3) showed higher concentration of individuals néea toast,
reaching abundances over 64 individuals per mitmve@rsely, models corresponding to
late summer indicate a general decline in the adee, reaching maximum values below
20 individuals per mile i2 model and even lower f@&1 model. MoreoverE. cirrhosa
concentrations seem to move offshore reaching 1BI-m depthsG2 model) and even
deeper (500 - 2000 m B1 model).

98



66

Table 4.5. Average individuals per mile (Mean +S.D.) of E. cirrhosa by depth stratum for G and C surveys. Higher abundances were
generally recorded at intermediate depth (100-200 m strata). Abundances in C surveys were much higher than those recorded in G

ABUNDANCE G1 G2 G3 Co6 co7 cos
Regions/Strata Silleiro Vilano Silleiro Vilano Bares Silleiro Vilano Bares Silleiro Silleiro Silleiro
50-100 04+04 0,74+0 0,38+0 - - - - - 0,92+0,23 17,68 + 4,31 23,51+5,84
100-200 140,58 1,07 £ 0,44 1,68+0,49 0,79+0,19 = 1,78+0,57 6,13+0,83 0,24+0,11 24,58 +3,18 20,81 +2,87 34,49 £ 6,46
200-500 1,62+0,97 0,36+0,25 0,52+£0,19 0,11+0,06 - 0,32+0,19 3,3%0,88 0,32+0 - 1,67 1,26 13,54+ 0

Table 4.6. Average biomass in grams per mile (Mean+S.D.) of E. cirrhosa by depth strata for G and C surveys. Biomass was higher in C
surveys (Oct-Nov), due to increasing abundance of new recruits.

BIOMASS G1 G2 G3 C06 co7 Cco8

Regions/Strata Silleiro Vilano Silleiro Vilano Bares Silleiro Vilano Bares Silleiro Silleiro Silleiro
98,14 £ 1545,86 + 6439,68 £

50-100 68+ 68 3333310 26,9210 - - - - - 2223 370,04 2369,01
100-200 235,56 £ 322,69+ 109,62 + 181,1+ : 447,7 £ 1515,95 + 62,72+ 4816,12 + 2442,67 £ 2540,35 £

127,97 146,75 43,35 51,75 164,85 222,27 32,03 936,09 302,7 311,78

708,78 £ 142,99 + 110,62 £ 30,76 £ 101,04 £ 1049,63 + 48,39 ¢ 327,67 £

- - - +

200-500 402,33 104,06 59,06 17.37 58,64 278.95 0 210.12 bl

Table 4.7. Average weight of captured individuals in grams (Mean#S.D.) of E. cirrhosa by depth strata for G and C surveys. Larger
individuals were registered during G3, performed in earlv summer.

Average weight G1 G2 G3 Cco6 co7 co8
Regions/Strata Silleiro Vilano Silleiro Vilano Bare Silleiro Vilano Bares Silleiro Silleiro Silleiro
s
50-100 85+85 4500 700 - - - - - 97,75 ¢ 111,52 ¢ 260,25 +
28,01 33,02 52,94
100-200 162,22 + 214,35+ 50,59 + 145,81 £ - 148,05 + 251,09 + 167+ 215,98+ 135,04 £ 88,31+
82,22 49,95 13,26 31,79 30,33 15,18 93,08 47,44 15,11 8,86
200-500 451,79 ¢ 98,05 + 127,36 ¢ 63,46 £33,8 - 156,25 £ 295,93 ¢ 150£0 - 185,09 £ 2750
2321 51,38 56,3 90,36 25,62 159,28
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Table 4.8. Summary of Generalized Additive Models (GAMs) fitted to catches of the horned octopus E.
cirrhosa obtained during two series of trawl surveys conducted in Galician Waters. A single model was
performed for each survey. Table shows a summary of environmental variables included in each
model. Significance codes: '***'<0.001; **' < 0.01; "*'< 0.05; '+'<0.1.

Survey Region Variables Deviance explained N

G1 NW & W Galicia s(UTM_LAT) + 47.7% 86
s(NPP)**

G2 N, NW & W Galicia s(UTM_LONG) 81% 126
S(UTM_LAT)**
s(SL)*

G3 N, NW & W Galicia s(SBT)** 85% 127

s(UTM_LONG)***
S(UTM_LAT)***

s(SL)***
co6 W Galicia s(SBS)*** 84% 88
S(UTM_LAT)***
co7 W Galicia S(SBT)** 83.5% 101

S(UTM_LONG)***
S(UTM_LAT)***
s(SL)**+*
cos8 W Galicia s(SBT)*** 82% 102
S(UTM_LONG)***
s(UTM_LAT)**
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Figure 4.3. Estimated smoothing functions for (A) Latitude (UTM_LAT) and (B) Net Primary
Production (NPP) applied to G1 GAM model. The x axis of each plot is labelled with the covariate
name, while the y axis is labelled s(cov,edf) where cov is the covariate name, and edf the estimated
degrees of freedom of the smooth. The solid line is the predicted value of each dependent variable as a
function of the x axis. The standard errors of the estimates are plotted in dashed lines. The small lines
along the x axis represent sample points.
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Discussion

Landing patterns dEledone cirrhosdrom 2000 to 2010 showed a gradual increase and
an annual cyclical pattern (Figure 4.1). This mdrkeasonality is typically associated to
the biology of the majority of cephalopods with gHide cycles, rapid population turnover
and semelparous reproductive strategy (Sanche#artéh, 1993), and involves particular

problems for fisheries management (Giordahal, 2010).

Particularly forE. cirrhosg it is not expected a bias in commercial landiagsount,
since it is not a target resource for the trawndtflend, in consequence, fishery statistics can
be interpreted as an indicator of some aspectpiilption dynamics (e.g. density and

abundance).

Commercial landings indicate that the abundanck. afirrhosadecrease substantially
through summertime, most likely due to post-spagmirortality as proposed by Caseti

al. (1998) and post-reproductive migration, as presiypguggested by Guerra (1992).

In practice, to use CPUE as an index of abundahee;atchability must be reasonably
constant among samples, not coming from very differfishing fleets and/or gears
(Petrere Jret al, 2010). Thus, our data can be interpreted as amosdindexes. Overall
results forG surveys, performed in the three studied zonesydbwer abundances in the
north region than in the centre and south areas. @ditern agrees whit zonal commercial
landing statistics (Data not shown).

Differences found between combining abundances aoohasses per strata fro@
surveys, as well as average weight variation, ssigidpe existence of size segregation in
the population, with the new recruits mainly salegintermediate strata (100-200 m). The
existence of size segregation is supported by &#ees fthat the higher biomasses were
registered at depth strata, indicating an incréagbe average size of the individuals at
greater depths, and also by the average sizeAlaimilar situation was found by Sanchez
& Martin (1993) in the Catalonian sea. On the otiend, segregation by sex and maturity
stage has been pointed out in previous studiegd&moet al, 2010; Salmaret al, 2000;
Wurtz et al, 1992).
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As expected, higher average individual sizes weggstered in summef3(surveys) in
comparison with autumrC(surveys), because the new cohort is still notuieea. In that
case, less abundant adults would compose almogteabummer catches. This matched
with the decrease of captures registered in comalel@ndings during summer time
(Figure 4.1). On the other hand, higher biomassa® wnegistered in thé surveys carried
out in autumn (October-November), which corresptmndew and abundant recruits.

Due to the lack of data for north and north-west&alician regions during th€
surveys, our data are inconclusive about the idéeadal variation of abundance in those

areas.

Despite the highly sensitive to environmental ctods, and changes at a range of
spatial and temporal scales of cephalopods (Petrre¢, 2008), no significant differences
were found betweel and G2 surveys or betweef@ surveys, performed at the same
dates. This suggested that the pooled data of ysiraee useful tools for representing
different phenological stages of the species.

According to the developed models, higher abundarare reached at June-July in
coastal areas and later, in October-November &ehigepths. Moreover, according to the
increase of abundance and decrease of overall wwesgistered in autumn, a decline of
adult specimens during summertime and a recruitroémew individuals to the fishing
ground is suggested, as was reported in otherestf@iordancet al, 2010; Orsi Relinet
al., 2006; Salmaset al, 2000).

It is known that, in this are&,. cirrhosadisappears in shallow waters. However, despite
the inclusion of absence data along coastline, lsaddicate that the overall bathymetric
range of the species includes shallow waters wiidreline (Figure 4.4.A). This result
suggests that, from an environmental point of vipatential distribution of the species
would include coastal areas. The actual exclusidheospecies from this coastal area may
be due to biotic factors, not included in the megdslich as interspecific competition with
species that occupy that niche, @stopus vulgaris This scenario would be supported
since E. cirrhosa extends its bathymetric range to shallow coastatevg in northern
Europe (Stephen, 1944), beyond the northern limmi®ovulgarisdistribution (Guerreet
al., 2010; Mangold, 1983).
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From a phenological perspective, and in view ofeligyed models, higher abundances
were predicted near shore in early summer, correlipg to the beginning of spawning
season. The models also indicate a displacemerttighfer abundance areas offshore
through the summer, as suggested by Rees (1956). dlanmer distribution models
showed that the higher abundances were concentratieep waters (500-1000 m), which
suggest a migration to deeper waters throughoutuhemer.

Since our surveys did not include strata deepear 82 m, the outputs of the models
should be treated with caution. Thus, from a terabgerspective, predicted high
abundance areas at deeper waters cannot be rejetted migration appeared
simultaneously with the post-reproductive decredssbundance.

Among the environmental variables considered, dmiatitude remained significant in
all developed models, suggesting that photoperodijrect effect of latitude, plays an
important role influencing sexual maturation instepecies, as suggested by Regueira et al.
(2013). The latitudinal effect over the abundanee distribution ofE. cirrhosacould also

be associated to some other related variablesngserature or net primary production.

Northwestern Iberian coasts constitutes northenit lof the seasonal upwelling event
taking place along northeast Atlantic coast, froPi N to 43°N, where Finisterre cape is
placed (Woosteet al, 1976). Upwelling intensity in this area is highhyfluenced by
coastline shape, bathymetry and direction and sigmf dominant winds (Sordet al,
1999). Since seasonal upwelling has been suggestadfluence life-cycle of other
cephalopod species, such@stopus vulgarigOteroet al, 2009; Otercet al, 2008; Rocha
et al, 1999), further studies must be performed to a®afyossible relationships between
E. cirrhosalifecycle and upwelling seasonal event.

Although it is not likely that females perform argatal care, as other octopodidae

(Hanlon and Messenger, 1996), this behaviour meigtestigated ift. cirrhosa
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Diet of the horned octopus Eledone cirrhosa in Atlantic Iberian
waters: ontogenetic and environmental factors affecting prey

ingestion

Abstract

Growing concern over sustainability of some fisegrnas led to a shift in the focus of
fisheries management, from a single-target spedmsard an ecosystem-based
management. This process involves identificatiosuée of indicators, among which
ontogenetic and environmental factors affectingypngestion should be considered. The
present study combines morphological and molecaialysis of stomach contents and
Multinomial Logistic Regression (MLR) to understatite dietary regime and factors
affecting it in Eledone cirrhosainhabiting Atlantic Iberian waters. Specimens were
collected monthly from commercial bottom trawl ngpecies fisheries between February
2009 and February 2011 in three fishing groundstfiNGalicia, West Galicia and North
Portugal). Based on stomach analy&iscirrhosaingested mainly crustaceans, followed
by teleost fish, echinoderms, molluscs and polysaeéMolecular analysis of 14 stomach
contents confirmed the visual identification of ypiitems as well as cannibalistic events.
Statistical tests found that sex and body weigtitrdit significantly affect prey selection,
while season, fishing ground and maturity staghefanimals had a significantly effect on
the probability of selecting a particular prey. Tkeological implications of MLR

modelling results are discussed.

Keywords: CephalopodsEledone cirrhosa Diet, Trophic ecology, Atlantic Iberian
waters, Multinomial Logistic Regression.
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Introduction

Fisheries management to date has often been iteffesince it has focused on
maximizing the catch of a single target speciedenmignoring habitat, predators, and prey
of the target species as well as other ecosystenpaoents and interactions (Pikitch et al,
2004). Therefore, in order to maintain ecosystenaligu and sustaining associated
benefits, the ecosystem-based fishery managemB/iMEhas been proposed as a holistic
approach to a more suitable management of ecosystamong the ecological interactions
in the EBFM approach, trophic level balance shdwddconsidered (Busch et al., 2003,
Gislason et al.,, 2000). Moreover, in that ecologieg@proach the influence of
environmental parameters in the components andéaepses within the ecosystem should
be also considered.

The moderate-sized incirrate octop@dedone cirrhosa(Lamarck, 1798) inhabits
continental shelf and slope ecosystem of the negbtern Atlantic and the Mediterranean
Sea (Belcari et al., 2015). This species is magalyght in a multispecies trawling fishery
targeting mainly hake, megrim, Norway lobster andnkfish. The fishing activity is
carried out between 200 and 800 m depth. Landirigg. airrhosareached an annual
average of 1,634 t in the last ten years in NWidlmePeninsula (pescadegalicia.com) and
show a strong seasonality, in accordance withepeoductive cycle of the species, which
reproductive event takes place mainly in springisiem with a peak in May-June
(Regueira et al. 2013). Thus, landings decreasebm@®eding season progresses
(pescadegalicia.com), mostly due to post-reprodecatead of adult€. cirrhosais mostly

harvested for human consumption, although it cadi$&arded in some cases.

North-west Iberian Peninsula is located on the me#dstern boundary of the North
Atlantic subtropical gyre, where a seasonal upwellevent takes place during spring—
summer months (Wooster et al., 1976; Bakun and ddel4991). This atmospheric-
oceanographic event is more frequent and intenslegalhe western coast than in the
northern one and, in consequence, the area studiede present paper represents a
gradient with respect to prevailing oceanograplunditions, which consequently affect
local productivity (Alvarez et al., 2010), and tbfare prey availability.
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Until present, NW Iberian multispecies trawlinghsy has been managed focusing on
maximizing the catches of hake, which is the mosmmercial valuable species.
Nevertheless, assessing this resource to obtaMatmum Sustainable Yield (MYS) is
being a challenge still not suitably achieved (ICESHMM, 2013). That negative results
have also occurred with other European marine ressu For that reason common
fisheries policy (CFP) recently warned to undertakéishing assessment management
centered in the ecosystem instead of in a singlegeta species (http:
/lec.europa.eu/fisheries/cfp/index_en.htm). We edhihis warning and, in consequence,
we tackled studying the spatial and temporal vdigbof the dietary regime ofE.
cirrhosaas well as the effect of some ontogenetic and enmental factors affecting such
variability. This approach has considered two alspeEirst, as important ecosystem
components, cephalopod populations and their faiicios directly influence population
dynamics of both higher predators and their owry §Raerce et al., 2008). Second, that
our knowledge on biotic communities, trophic weld ahe influence of environmental
conditions in the continental shelf and slope estesy of the NW Iberian Peninsula is
very scarce and geographically fragmented (Seretrad., 2011), which connote that the
application of an EBFM in the marine realm is fanh being applied.

Additionally, the present study would be of intéres aquaculture, which is increasing
in the last decade (FAO, 2014). Despite that cepuals have high rates of growth and
food conversion, which for aquaculture translateés short culture cycles, and in addition
they have high ratios of production to biomass laigth cost-effectiveness, culturing is still
in its infancy (Iglesias et al. 2014). Biologicedits and captive experiments carried out to
date withE. cirrhosa (Boyle, 1981; Boyle & Knobloch, 1984; Mangold dt, d971)
showed that this octopus species satisfies allirements to be considered a potential
resource for culture with experimental and/or comuiaé purposes. Nevertheless, octopod
nutrition is one of the biggest challenges for depmg culture techniques, since it
constitutes a key factor for proper growth and savunder captive conditions (Navarro
et al., 2014). In consequence, the results obtaméue present paper could be considered

a relevant first step to exploEe cirrhosaas a suitable species for culture.

There are some problems when visually characterigie diet ofE. cirrhosg mainly

because hard parts of their prey, that are usnabgssary for identification, are torn into
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small pieces and often rejected. It has also béserged that rapid digestion means that
many specimens have little or no food in their siohs (Boyle & Rodhouse, 2005).
Another major limitation is that stomach conter@gresent the last feeding events with no
indication of long-term dietary habits. Despite sbeproblems, there is a considerable
amount of information on the trophic relationshgdscephalopods that has been collected
using conventional visual analysis of the stomaghtents of specimens from fisheries,
laboratory studies and analyses of prey remainsnaraniddens in the case of some coastal
octopods (Mather, 1991; Nixon, 1987). Among the eottmethodologies used in
cephalopod dietary studies (e.g. stable isotopeslysis, lipid signature or DNA
sequencing), only serological analysis has beed tosa@lentify prey irE. cirrhosa Using
this technique, Boyle et al. (1986) demonstrateat Eh cirrhrosa from Scottish waters
preys on several crustacean species. However, ¢tieoch is too expensive to be used to
identify all prey (Boyle & Rodhouse, 2005).

Available dietary information concerning wild. cirrhosapoint out that this species
mainly preys on decapod crustaceans, mostly alptaid brachyurans, although molluscs
and the eggs of other cephalopods have also bperted as prey to a lesser extent in the
Mediterranean (Auteri et al., 1988; Ezzeddine et 2012; Moriyasu, 1984; Sanchez,
1981). Cannibalistic behaviour has also been reddi&uerra, 1992; Moriyasu, 1981). No
detailed studies on the diet of this species inAHantic exist, although studies with a

more general approach support the predominanceisfaceans (Boyle, 1986).

Moving on to other issue, advances in statisticatleling have facilitated increasingly
sophisticated approaches in ecological surveys #tatly the effects of multiple
explanatory variables and their interactions onepethdent variable. These analyses are
becoming more frequent for modelling processesepphalopods with diverse objectives,
including foraging behaviour (Pierce et al., 2008hus, Leite et al. (2009) used
Multinomial Logistic Regression (MLR) to assessati@nships between individual
(Octopus insularissize) and environmental (e.g. depth, substrate)amas and the
occurrence of the three main foraging behaviourd @so to assess the effects of the
previously mentioned variables in addition to thensming and moving behaviour on the
four main body patterns. As far as we know, thighis only case in which this technique
has been used in cephalopod dietary studies.
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The aim of this paper is to provide a comprehensig& of the role ofE. cirrhosain
the marine trophic web through the identificatidnite dietary regime in Atlantic Iberian
waters, based on both visual and genetic identifinaof the gut contents from wild caught
animals as well as checking possible effects ofesontogenetic and environmental factors

on the dietary composition using MLR.

Materials and Methods

A total of 2335 specimens &:. cirrhosawere obtained from commercial landings in
Atlantic Iberian waters. Samples were acquired betwFebruary 2009 and February 2011
in Burela’s port (northern Galician fishing groundG), Ribeira or Bueu ports, (west
Galicia fishing grounds; WG), and Aveiro (westernrtdguese fishing ground; WP)
(Figure 5.1). All specimens were sexed, and bodighte(BW) was measured to the
nearest g. The macroscopic maturity scale of IN@U®©0) was adapted to assign a specific
maturity stage to each individual. For males, ggale was as follows: I: immature, Il
maturing, Ill: pre-spawning, with some spermatoghior Needham’s sac, and IV: mature,
fully developed spermatophore; and for femalesimimature, Il: maturing, Ill: pre-
spawning, IV: mature and V: post-spawning. Foue sitasses were considered (S1: 0-250
g, S2: 251-500 g; S3: 501-750 g, and S4: >750 gEfoptiness Index (EMI) comparisons.
On the basis of the atmospheric-oceanic seasomaggribed in the area (Bashmachnikov
et al., 2015) and in order to determine whetherethreere any difference in diet between
seasons, samples weregrouped into two intervalgrrfwseason” (April to September) and

“cold season” (October to March).

Stomachs were preserved in 70% ethanol until furéxamination in the laboratory.
Stomachs and their contents were weighted separtadethe nearest 0.01 g. Stomach
content was filtered through a 30t mesh to remove silt and organic detritus thatld/ou
hinder identification of the remaining contents.rdHastructures, namely otoliths, fish
vertebrae and jaws, pedunculated eyes, tracesetdecland other hard pieces of the body
of crustaceans, echinoderm ossicles, pieces ofsstiemolluscs or traces of cephalopod
beaks and radula, were identified to the lowestsibbs taxon by means of available
bibliography (Bouvier, 1940; Gonzalez-Gurriaran &Mlez, 1986; Guerra, 1992; Perrier,
1954; Tuset et al., 2008; Watt et al., 1997; Zaegul968). All remains were counted, and
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minimum number of items was estimated for each atdmin the case of no quantifiable

material present, minimum number of items was @®br’as one.
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Figure 5.1. Map showing the location of the fishing ports where samples for this study were obtained.

A subset of 21 samples of no identifiable tissuess wandomly caught from the
stomachs of 20 individuals. Tissue samples werellidh, fixed with 95% ethanol and
stored for genetic analysis. Genomic DNA was ex#dhdrom each tissue sub-sample by
homogenisation and digestion using NucleoSpin® uéissxtraction Kkit, following
manufacturer’s instructions. Absorbance ratio &/280 nm was used to assess the purity
of the extracted DNA, with values from 1.8 to 2 megenting highly purified DNA
(Gallagher & Desjardins, 2006). Cytochrome ¢ ox&dasibunit | (COI) was amplified
using HCO and LCO universal primers (Folmer et 894). Cycling conditions were as
follows: initial denaturation at 94°C 1 min, folle@ by 39 cycles of denaturation at 94°C
for 15 seconds, annealing for 30 seconds at 4&x@&nsion at 72°C for 45 seconds and

final elongation for 7 minutes at 72 °C. Reactiix was composed by 1,5 pl Mggl
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2,50 Buffer 10x, 0,2 pul ANTP (10mM), 0,50 pL ofchgorimer (10 uM), 0.13 pl Roche
Applied Science Taq DNA polymerase (5 U/ul), 1IofiDNA and distillate water until 25

pl. 2 ul of each PCR product were checked on 1.5% agagele Those that present a
clear band of expected size were clean using USB@EP-IT® PCR Product Cleanup
following manufacturer protocol and sequenced byg®a sequencing. Obtained DNA
sequences were managed (aligned) with MEGA 6 softw@amura et al., 2013) and
compared to sequences in GenBank using BLAST dlgoriGenetically identified preys

were added to the main database for further digtyaes.

In order to assess feeding habits, four indexe® walculated: (i) Index of Occurrence
(%F), which correspond to the percentage of fullvsichs containing a particular prey
category; (ii) Percentage by Number (%N), the petiaxge of each category of prey
compared to the total number of prey consumed; Ri@rcentage by weight (%W), total
weight of each food category expressed as the piage of the total weight of all stomach
contents. When more than one type of prey was fanradsingle stomach, and because it
was impossible to discriminate one from each otliee, total weight of the stomach
content was divided by the total number of preynggCastro & Guerra, 1990); and (iv)
Emptiness Index (EMI), the number of empty stomadrapared with the total number of
stomachs, expressed as a percentage. CompariseaebeEMI in each size class was
carried out using a Chi square test.

The relative importance of each item group wasrestd using two different indices:
(i) Feeding Coefficient (Q= %N * %W)(Hureau, 1970@nsidering main prey for Q>200,
secondary for 20<Q<200 and occasional for Q<20 (@hdndex of Relative Importance
(IRl = (%N + %W) * %F)(Pinkas et al., 1971). Pearsocorrelation between both indexes

was estimated.

Multinomial logistic regression (MLR) was used twadyseE. cirrhosadietary regime.
MLR is useful to predict the probability of categomembership on a multinomial
dependent variable based on multiple independenthblas (Starkweather & Moske,
2011). In the present case, the dependent vanedeprey item, categorized into the five
main zoological groups consumed. The variables "SEBW”, “Maturity stage”,
“Season” and “Fishing ground”, as well as all pbksiinteractions between them, were
considered as explanatory variables. Preliminarsessment of multicollinearity was
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performed using the condition index of the tetrachmatrix (Belsley, 2004). Our sample
fit the requirement of a minimum sample size of ddses per independent variable
(Schwab, 2002). A forward stepwise procedure wanieg to select the variables in the
model. To evaluate the global impact of the indejeen variables on the dependent one,
l.e., the effect of introducing the independentialale in the model, a Likelihood Ratio
Test (LRT) was used. In LRT, the Chi-square paramé$ the difference of Log
likelihood-2 between the final and the reduced nhoaghbich is made by omitting an effect
of the final model. The null hypothesis is thattak parameters of that effect are zero. To
evaluate the impact of each category of independanables on the dependent one the
Wald test was used. To avoid multicollinearity tba&tegory “Crustacea” was used as
reference in the dependent variable. SpecificallyMiLR, the dependent variable is the
logratio, i.e. the logarithm of the ratio betwe&e probability of preying upon a particular
prey category and the probability of eating cruséans, which is the reference group. The
relative direction and strength of each relativieeafis given by the parametgrand,
therefore, EX[f) expresses the relative probability of preying artipalar item.
Furthermore, one particular category of each véiédlng. NG within “Fishing ground”) is
selected as reference and the values of the pagesmatthe models) of the remaining
cathegories (WG and WP) within that variable (“Fighground”) are referred to the

selected one (NG in this case).

As showed in Table 5.1, polychaetes were an uncampney, which would generate
singularities in the hessian matrix and, consedyetitis prey category was ruled out of

the model.

The value of log likelihood-2 (deviation) indicatap to what point the model adjusts
well to the information (smaller, better adjustmefithe Pseudo R-Square of McFadden,
Cox and Snell and Nagelkerke were treated as mesmsfieffect size, similar to how R2 is
treated in standard multiple regressions. FurtheemBearson and deviance goodness-of-
fit tests were used as a comparison between olzbane predicted values, under the null

hypothesis of the equality of the considered values

The statistical software SPSS 23.0 was used.
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Results

Diet description
Of the 2335 stomachs examined, only 618 contaimey fems. In 120 of them, these

contents were mainly composed of semi-digestedhyl@saterial, which were not visually
identifiable. In the remaining 498 stomachs, 64.1%em presented only one type of
prey, 25.7% presented two types of prey, and 7.88%e different prey items. More than
three types of prey items were detected in 2.37%hefstomachs with prey items. The
maximum number of prey items recorded in a singdenach was seven, belonging to a
mature female of 243 g BW. The mean number andlatdrdeviation of different prey by

stomach were 1.91 and 1.07, respectively.

Empty stomachs represented 73.79% of the totaloverall, EMI did not show
significant differences between sexes in any fighground ¢’= 0.26, p>0.05). EMI
exhibited monthly variability, ranging from 26.47%92.1%, with lower values during the
cold season in the three fishing grounds. Regarslirg) classes, EMI values significantly
decreased as BW increasgf=(105.9, d.f. =3, p<0.05). Specifically, EMI copesding
to S1, S2, S3 and S4 size classes were 82.61%2%955.05% and 46.67%, respectively.

Table 5.1 shows the prey items visually and geallyiedentified as well as calculated
indexes for each prey category. Of the 21 soft pisspes molecularly analyzed, only 15
provided successfully identification. Prey itemsedéed by this technique were: 4 decapod
crustaceansPlybius henslowjiGoneplax rhomboidesMunida rugosaand Liocarcinus
holsatu$, the octopodEledone cirrhosaand the chaetognatBagitta enflata Results of
visual inspection were confirmed by molecular as@&lyin 71.2% of cases. The patrtial
identification obtained by visual analysis was ctetgrd in 50% of the samples. In
addition, molecular analysis provided new items2it% of the samples. Molecular
analyses rectified the visual identification ofiagte sample, which was initially classified

asGalatheasp. and finally was found to Béunida rugosa

Calculated values of different indexes for eacly mategory are summarized in Table
5.1. The most important prey species by frequeriaycourrence (F%) was the snapping

shrimpAlpheus glaberpresent in a 20.88% of the examined stomachsamgrising
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%F %N %W IRI Q
[ POLYCHAETA 2.81 2.09 0.66 7.72 1.38
CRUSTACEANS 88.15 70.64 71.46| 12526.81 5048.19
Malacostraca 54.6245.01 43.16| 4815.66 1942.59
Amphipoda 0.80 0.60 0.24 0.67 0.15
Decapoda 53.61 44.26 42.69| 4661.83 1889.5
Anomura 6.43 492 3.45 53.75 16.94

Family: Galatheidae

Galathea sp. 4,02 3.13 2.06 20.84 6.45

Galathea squamifera
Family: Munididae
Munida rugosa
Munida sp.
Family: Paguridae
Anapagurus laevis
UnndentifiedAnomura
Brachyura
Family: Atelecyclidae

Family: Goneplacidae
Goneplax rhomboides
Family: Homolidae
Paromola cuvieri
Family: Portunidae
Liocarcinus holsatus
Polybius henslowii
Unidentified Portunidae
Caridea
Family: Alpheidae
Alpheus glaber
Unidentified Decapoda
Unidentified Crustacea

Atelecyclus undecimdentatus

0.20 0.15 0.08 0.05 0.01

0.20 0.15 0.35 0.10 0.05
0.20 0.15 0.06 0.04 0.01

0.40 0.30 0.12 0.17 0.04
141 1.04 0.78 2.56 0.81
8.23 6.11 6.34 102.52 38.7%
0.20 0.15 0.06 0.04 0.01
5,62 4.17 2.96 40.09 12.34
0.40 0.30 0.34 0.25 0.10

0.20 0.15 0.10 0.05 0.01
161 119 2.84 6.48 3.39

0.20 0.15 0.05 0.04 0.01

20.88 19.82 11.44
27.1120.12 21.46
36.127.57 23.97

652.81 226.72
1127.17 431.7§
1863.03  660.96]

PISCES
Chondrichthyes
Osteichthyes
Argentiniformes
Argentina sp.
Clupeiformes
Perciformes
Callionymidae
Callionymus maculatus
Callionymus sp.
Gobiidae
Pleuronectiformes
Arnoglosus sp.
Scorpaeniformes
Triglalyra
Unidentified Osteichthyes

19.68 16.84 17.73

020 0.15 0.3 0.06 0.0

19.4816.69 17.60

0.20 0.15 0.11 0.05 0.02
0.40 0.30 0.35 0.26 0.10
8.43 849 3.89 104.42 33.02
6.02 6.56 2.28 53.25 14.97
0.20 0.15 0.02 0.03 0.00
582 6.41 2.26 50.50 14.5
4.02 3.13 1.60 19.01 5.02

0.20 0.15 0.08 0.05 0.01

0.20 0.15 0.12 0.05 0.02
11.04 8.20 13.06 234.72 107.02

680.23  298.52

667.95 293.79

ECHINODERMS
Ophiuridae

723 5.51 253 58.15 13.95
281 224 1.08 9.31 241

Unidentified Mollusca

181 134 15

Unidentified Echinodermata 442 3.28 1.45 20.90 4.76]
MOLLUSCS 6.43 4.92 7.62 80.57 37.4¢
Cephalopoda 442 328 5498 40.92 19.62
Octopoda
Eledone cirrhosa 1.00 0.75 0.52 1.27 0.39
Teuthida
Alloteuthis subulata 0.20 0.15 0.14 0.06 0.02
UnidentifiedCephalopoda 3.21 238 5.32 24.74 12.6¢8
Gastropoda 040 0.45 0.13 0.23 0.06

L 5.15 2.0

™~

Table 5.1. Percentage of occurrence (%F), percentage by number (%N), weight percentage (%W),
index of relative importance (IRI) and feeding coefficient (Q) of prey items visually and molecularly
identified in the diet of Eledone cirrhosa.
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19.82% of the identified items. This prey was fallby the bony fisiCallionymus sp.
(6.02%) and the craBoneplax rhomboid€5.62%).

Across prey groups, F% of crustaceans was 88.15%#.FPb6 for crustacean decapods
was 53.6%. Teleost or bony fish appeared in 19.48%e examined stomachs, and the
most preyed upon order was Perciformes, with 8.43%emains of molluscs appeared in
6.43% of the analysed stomachs. Among them, twciepeof cephalopods were
identified: Eledone cirrhosg1%F) andAlloteuthis subulatd0.2% F).E. cirrhosaremains
were found in five specimens (2 from NG and 3 fidi® fishing grounds), with weights
ranging from 159 to 673 g. Echinoderms were preseiit23% of cases and, finally, the

least abundant prey group was polychaetes, witt?2r8

Dietary indexes calculated for each prey categoeyshown in Table 5.1. Q and IRI

indexes showed a strong linear correlatiGrQr99).

Dietary regime
The condition index of the tetrachoric matrix wased as an approach to assessing

multicollinearity and was found to be 3.60, welldye the limit of 10 suggested in the
literature (Belsley, 2004). Likelihood ratio testuhd significant differences between the
final and null modely¢ = 81.763; 27 d.f; p <0.001). Values for the elifint pseudo R-
Squares were as follows: McFadden = 0.071, Cox&mell = 0.107, and Nagelkerke=
0.134. Pearson and deviance goodness-of-fit tastsnot allowed to refuse the null
hypothesis of a proper fitting (p>0.05). Globaleeffs likelihood ratio test (Table 5.2)
indicates which variables significantly affect preglection. According to this test, the
probability of preying on a particular zoologicalogp is significantly affected by the
“Fishing ground” and the interaction between “Sedsnd “Maturity stage”. The fact that
this interaction resulted significant implies theteworthy effect of both variables
separately, although its effect acts in a diffemay depending on the value taken by the
other. On the contrary, “Sex” and “BW” did not inéince the diet oE. cirrhosain

Atlantic Iberian waters.
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Flttlng ”.‘Ode' Likelihood ratio contrast
criteria
Effect Log likelihood -2
of the reduced Chi-square d.f. Sig.
model
Intercept 858,97 0,00 0
Season x Maturity 909,55 50,58 21 0,00*
Fishing Ground 891,12 32,14 6 0,00*

Table 5.2. Likelihood Ratio Test (LRT) between the final and the reduced model. (?) This reduced
model is equivalent to the final model, because omitting the effect does not increase the degrees of
freedom; (*) indicates significant effect over probability of Eledone cirrhosa prey consumption.

Parameter estimations of the final model are showhable 5.3, which shows which
concrete categories of each variable affect redgpnobability of feeding a particular prey
category. The intercept parameters indicate howé#neble behave in the basic situation,
which is defined by the factors designated as eefsg (in this case “Season” = warm,
“Maturity stage”= IV and “Fishing ground” = NG). Hee, the model predicts a significant
relative variation in the probability of bony figlonsumption with respect to the reference
group (crustaceans) depending on the fishing growmdich specifically decreased
southwards. Moreover, the model establishes a fgignt decrease in the relative
contribution of bony fish in the diet of individgaln maturity stage Il during the warm
season. Dietary modelling also suggests that copgamof molluscs with respect to the
reference group is lower during the cold seasomaturity stages | and 1. On the other
hand, according to the model, there seems to lEhanges in echinoderms consumption
with respect to crustaceans. Dietary compositiogoming to significant variables
highlighted by the model is shown in Figure 5.2.

Discussion

DNA identification techniques can help identify degposed tissues in the gut contents
of cephalopods (Symondson, 2002). Neverthelesgresent, very few papers have been
published on this subject (Deagle et al., 2005; rRat al., 2012). Despite the limited

number of successfully identified prey items by ewoilar techniques in the present paper,
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95% confidence

Prey item group” B Stgrr;g?rd Wald df. Sig. Exp(B) [\(tﬁvr;/;all for ESSE’JBE)I'
limit limit
Fish
Intercept -0.893 0.261 11.716 1 0.001* - - -
Season:Cold * Maturity:l -0.154 0.374 0.169 1 0.681 0.857 0.412 1.784
Season:Cold * Maturity:l 0.022 0.317 0.005 1 0.944 1.022 0.549 1.903
Season:Cold * Maturity:Ill -0.581 0.386 2.263 1 0.133 0.559 0.262 1.193
Season:Cold * Maturity:1V -0.779 0.481 2.629 1 0.105 0.459 0.179 1.177
Season:Warm *Maturity:| -0.634 0.483 1.722 1 0.189 0.531 0.206 1.367
Season:Warm *Maturity:|l -1.400 0.580 5.826 1 0.016* 0.247 0.079 0.769
Season:Warm *Maturity:|l| -0.336 0.519 0.418 1 0.518 0.715 0.259 1.977
Season:Warm *Maturity:IV o° - - 0 - - - -
Fishing Ground;WP -3.074 1.020 9.088 1 0.003* 0.046 0.006 0.341
Fishing Ground;WG -0,700 0,238 8,674 1 0,003 0,497 0,312 0,791
Fishing Ground;NG o° - - 0 - - - -
Echinoderm
Intercept -3.072 0.550 31.145 1 0.000* - - -
Season:Cold * Maturity:l 0.346 0.651 0.282 1 0.596 1.413 0.394 5.062
Season:Cold * Maturity:Il 0.813 0.583 1.947 1 0.163 2.255 0.720 7.068
Season:Cold * Maturity:Ill 0.381 0.647 0.346 1 0.556 1.464 0.412 5.207
Season:Cold * Maturity:1V -0.847 1.137 0.555 1 0.456 0.429 0.046 3.982
Season:Warm *Maturity:| -19.962 0.000 - 1 - 2.140E-9 2.140E-9 2.140E-9
Season:Warm *Maturity:|l -1.032 1.134 0.828 1 0.363 0.356 0.039 3.287
Season:Warm *Maturity:!l| -20.129 0.000 - 1 - 1.812E-9 1.812E-9 1.812E-9
Season:Warm *Maturity:IV o° - - 0 - - - -
Fishing Ground;WP 0.509 0.517 0.972 1 0.324 1.664 0.604 4.581
Fishing Ground;WG 0,298 0,390 0,583 1 0,445 1,347 0,627 2,896
Fishing Ground;NG o° - - 0 - - - -
Mollusc
Intercept -1.993 0.380 27.488 1 0.000* - - -
Season:Cold * Maturity:| -1.756 0.795 4.882 1 0.027* 0.173 0.036 0.820
Season:Cold * Maturity:Il -1.215 0.568 4.580 1 0.032* 0.297 0.097 0.903
Season:Cold * Maturity:Ill -0.870 0.571 2.326 1 0.127 0.419 0.137 1.282
Season:Cold * Maturity:IV 0.241 0.516 0.218 1 0.641 1.272 0.463 3.495
Season:Warm *Maturity:| -1.785 1.070 2.785 1 0.095 0.168 0.021 1.365
Season:Warm *Maturity:|l -1.981 1.065 3.462 1 0.063 0.138 0.017 1.112
Season:Warm *Maturity: |l -1.754 1.075 2.662 1 0.103 0.173 0.021 1.423
Season:Warm *Maturity:|V o° - - 0 - - - -
Fishing Ground;WP -0.088 0.664 0.018 1 0.894 0.915 0.249 3.362
Fishing Ground;WG 0,086 0,394 0,047 1 0,828 1,089 0,504 2,356
Fishing Ground;NG o° - - 0 - - - -

Table 5.3. Eledone cirrhosa feeding patterns. Final model parameters estimation for Multinomial
Logistic Regression (MLR); (?) Reference category was Crustacea; (*) This parameter is 0 because this
category is redundant; (*) Indicates signification (Sig<0.05).
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it is striking that the majority of prey identifiedy this technique were decapods,
reinforcing the results obtained from visual anas/SOn the other hand, it will have to be
borne in mind possible misleading results. For anse, the genetically identified
chaetognatltBagitta enflattavas discarded as prey because it was considesedaamdary
prey species due to the “Russian dolls” effectt thathe gut contents of an octopus also
included the gut contents of a smaller predatohas ingested, and whose prey was

molecularly detected.

Our results show that crustaceans constitute tisés bz the diet ofE. cirrhosain
Atlantic Iberian waters, supporting the generalaiy pattern obtained for this species in
other studies (Sanchez, 1981; Ezzeddine et al2)20his kind of prey was the main prey
item present in the diet &. cirrhosafrom the Gulf of Lion, with a frequency of >50% in
both sexes year round, although the species adsts figpon fish, gastropods, cephalopods,
polychaetes, and ophiuroids (Moriyasu, 1981), timoaglower frequencies. Accordingly,
in confined experiments carried out in the Zoolagicaboratory (Aberdeen, Scotland), the
species feeds on a wide variety of crustaceans) fobsters to hermit crabs, including
Carcinus (Boyle, 1983). However molluscs, when offered, weszy rarely eaten in
captivity (Boyle, 1983), which agrees with the tea scarcity (6.43%) of this kind of prey
found in the present study. The composition ofdiet of E. cirrhosadescribed herein also
shows clear similarities with its congenefic moschatafrom the Adriatic Sea, which

preferentially feeds on crustaceans and fish (8&nérgoc, 2009).

Previous studies on the distribution and abundahazustaceans in the Galician shelf
(Gonzalez-Gurriaran & Olaso, 1987) have indicateat the most frequent items found in
the stomachs dE. cirrhosa(A. glaberandG. rhomboidesactually show low abundances
in the wild, with a merely occasional presencehia study area, while other species such
as Munida spp. andP. henslowiiexhibit a patchy distribution, being locally abandl
However, relative importance indexes obtainedPbiienslowiwere notable whil®éunida
spp. was present in the diet at very low frequencithough diet composition is,
logically, a compromise between food preference ardallability, as well as between the
energy obtained and the vulnerability to be detebiea predator during foraging activity,
the abovementioned facts suggest that, despitewttie variety of prey availablet.
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cirrhosais not an entirely opportunistic hunter but rataeselective generalist, as noted by
Anderson (2008) foD. vulgarisin the Caribbean Sea.

100% - - . . . - — .

80% - ]
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60% - B Mollusca
40% A B Echinodermata
OChordata
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0% . : )
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Fishing ground

Figure 5.2. Diet composition of Eledone cirrhosa according to the significant variables highlighted by
Multinomial Logistic Regression (MLR) model: Season*Maturity stage (a), and Fishing ground (b).

The emptiness index (EMI) in this study showed aewvariability across months,
which agrees with the results by Moriyasu (1981hovalso found significantly higher
EMI in the warm season (53.43% in average) thatméncold one (39.67%), as found in
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this study. EMI decreased with BW in our specimdiss result, together with the higher
EMI values attained during the cold season whemnseze of the population is larger and
individuals are close to the reproductive seasayg(Rira et al., 2013), suggests that food
intake in larger animals increases with maturatiims hypothesis seems to be supported
by the fact that gonadal development mainly depemdghe energy intake from food
(Regueira et al., 2013) and also because one ah#jer effects given by the model was
the maturity stage. Nevertheless, as no clear rpatias inferred from EMI monthly
evolution, significantly higher values of EMI reachby larger animals could indicate that
larger individuals caught in net tows were lesqprto regurgitate food than smaller ones.
On the other hand, because the duration of throfvérawlers in this zone lasted
approximately 6 hours, it could also be that theutst of stomachs might be due to the
digestion of food. Nevertheless, given tEatcirrhosaneeds 16 hours to free its digestive
tract at a temperature of 18° C (Boucher-Rodord5)1@nd the water temperature at depths
where the throws are carried out is approximat@BC] this possibility does not appear to
be a likely explanation. In any case, it is difficto conduct dietary studies in the field as

there are many variables that can introduce seb@ses.

Concerning dietary regime analysis, although onmalfmodel was significantly better
than the null model, Pseudo R-squared values itetica poor fit. However, these types of
metrics do not represent the amount of varianddenoutcome variable accounted for by
the predictor variables. Higher values indicatedydit, but they should be interpreted with
caution. If a model has a very low likelihood, thitve log of the likelihood will have a
larger magnitude than the log of a more likely mpde occurred in the present study. As
with most Chi-square based tests however, it iagto inflation as sample size increases.
Here we behold that the final model significantiyproves the null model (p < 0.001),
which indicates that our final model predicts sigaintly better, or more accurately, than
the null model. In other words, when p-value islégan the established cut-off (generally
0.05) a good fit is obtained (Starkweather & Mosk@11). Moreover, Pearson and
Deviance goodness-of-fit tests, which compare ofeseand expected results, do not reject

the null hypothesis and indicates a proper fitting.

Over the short life-span of cephalopods, a commattem is for juveniles to prey on
crustaceans and then switch to fish and other guels as other cephalopods as they grow
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larger (e.g. Castro & Guerra, 1990; Nixon, 1987;n@taralak et al., 2011). Univariate
analyses performed by Sifner and Vrgoc (2009) dtatyeral factors that are involved in
dietary changes iB. moschatasuch as the onset of sexual maturity and sizeorling to
their findings, larger animals have a more divezdifdiet, suggesting an increase of prey
range and/or a change in nutritional requireme@tmversely, our model indicates that
BW have not a significant effect on the probabilitfy choosing a particular prey ia.
cirrhosa whereas the interaction of “Season” and “Matustgge” significantly affect
prey selection, in particular regarding mollusc @sgon. According tgf parameters,
mollusc ingestion attains higher proportion in nmatanimals. Since the vast majority of
molluscs found in our samples were cephalopodsnign&i. cirrhosa this result probably

is largely referred to inter-cohort cannibalistieerts. Dietary composition suggest that
cannibalism is occasional Ea cirrhosaand, although it is unknown whether it takes place
between animals of different sizes, observation®.irvulgaris(Hernandez-Urcera et al.,
2014) noted that prey/predator weight ratios rafigen 20% to 25% body weight. Our
data indicate that cannibalistic episodes occumezhimals of various sizes during winter
and early spring, both periods with an eventualndance of juveniles (Regueira et al.,
2014), so the presence of small animals couldérigigis behaviour, as has been argued in
the congenerice. moschata(Sifner & Vrgoc, 2009). Despite the negative resul
multicollinearity test, “Maturity stage” and “Seasoare closely related to BW (Regueira
et al., 2013), suggesting the underlying idea tha interaction comprises information

concerning ontogenetic stage of the animals.

Similarly, our final model indicates that fishingognd significantly affected dietary
regime, particularly the consumption of bony figllditionally, possible differences in the
diet of E. cirrhosa between different geographic regions and seasmmdpund in the
present paper, had not been examined until nowihasie are common patterns for many
cephalopods species (Hastie et al.,, 2009; HatanB®@9). These dietary differences
between regions may also be the result of a difteakavailability of different prey types
among these areas. Thus, Farifia (1996) noted dicagw decrease of fish biomass and a
simultaneous rise of crustaceans with depth inGlécian continental shelf and upper
slope. Nevertheless available information abouliteecycle of the species leads to a more
complex scenario, sinde. cirrhosaaverage size significantly increases with latitudéhe

studied area (Regueira et al., 2013). On the dthed, a reproductive migration event to
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shallow waters is performed by this species dutlregwarm season (Regueira et al., 2014)
which could trigger an ontogenetic dietary changpemhding on maturation stage, as
indicated by our model. In fact, fish contributitmEledonesp. diet has been previously
related to individual size of the octopuses (Ezzedit al, 2012; Sifner & Vrgoc, 2009),
since because of its high mobility, it constitugefarder prey to catch than crustaceans.
Hence, the variable “Fishing ground” in our modebuld account for geographic

variability in the development of the animals adlae prey availability.

MLR is a powerful and useful tool for this type sifidy. Leite et al. (2009) succeeded
in using this type of statistical analysis to stutlg influence of several factors on the
feeding behaviour oD. insularis Nevertheless, judging by their results, they tedi
themselves to presenting the first part of theasgjon, which measures the main effects
(the impact of the independent variables on theedéent variable in a global view)
without indicating which category it specificallyffects. In our case, however, we
attempted to bring biological sense to the value$ @¢Table 5.3), which indicate the
relative (to the reference group) direction aneémsity of the effect of every effect of each

independent variable.
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CHAPTER 6. Age and Growth

This chapter is published as Regueira M., GonzaeE. and Guerra A., 2015.
Determination of age and growth of the horned oatdpledone cirrhosg§Cephalopoda:
Octopoda) using stylet increment analysis. ScieMigaina. 79(1):71-78.
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Determination of age and growth of the horned octopus Eledone
cirrhosa (Cephalopoda: Octopoda) using stylet increment analysis

Summary

Age and growth of the horned octodtiedone cirrhosare estimated for the first time
by stylet increment analysis (SIA). Specimens waskected between March 2009 and
March 2010 from the commercial trawl fishery opergtoff north-western Iberian coasts.
A pool of stylets, representing all size classegrewdefined by means of modal
progression analysis performed separately for esshin northern and western fishing
grounds over a total of 2220 individuals (306 maes 595 females from the northern
fishing ground; and 379 males and 940 females flmmwestern fishing ground). In total,
122 stylets, belonging to individuals with total iglet ranging from 67 to 950 g, were
successfully analyzed. Age of the specimens wamatstd assuming a daily deposition
rate of growth increments within the stylet. Estiethage of the specimens varied from
106 to 516 days. Differential longevity betweenesewas observed, with females reaching
a life span of 17 months while males attained jidstonths, although the possibility that
this difference might be even greater is discusBaded on estimated age, hatching date
was back- calculated, concluding that hatching cehroughout the year, with a peak
during winter. Relative instantaneous growth rgtey estimated for 90 days-age classes,
ranged from 0.03 to 2.17% of BW per day, dependingage. The results obtained are
compared with the information available on thiscge

Running title: Age and growth oEledone cirrhosaising stylets

Keywords: Eledone cirrhosa, stylet increment analysis, dife,span, growth, NW

Iberian peninsula.
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Introduction

Age determination is fundamental to understand @modperly estimate various
parameters that determine the biology of cephaloppdcies, such as growth rate,
population structure, longevity, mortality, prodwity and recruitment process (Boyle and
Rodhouse, 2005). Furthermore, our knowledge ofetlpescesses, as well as conditioning
factors, is essential to the proper managementsbkfies resources. Due to the high
intrinsic growth variability and consequent mixiofindividuals of different ages (micro-
cohorts) within the same size range, cephalopatiegion age and growth based on length
and body weight measures are not considered asadecas those undertaken by using
hard structures (Jackson, 1994). However, thosénadetogies based on the external
morphology of specimens are still employed bec#usg are low cost and easy to apply in

most fisheries (Semmees al, 2004).

Direct ageing methods, based on reading growtlements in different hard structures,
have been developed to determine age in cephalopadscularly in octopods, beaks have
provided some positive results in reading growtltrements of Octopus vulgaris
paralarvae (Hernandez-Lopez et al., 2001) and .4Gknali et al., 2011; Perales-Raya et
al., 2010). Stylet Increment Analysis (SIA) has hegplied and daily growth increment
deposition validated in Octopus vulgaris (Hermasiét al., 2010), Octopus pallidus
(Doubleday et al., 2006), Octopus maya (Rodriguemidguez et al., 2013) ar@ctopus
(cf) tetricus(Leporati and Hart, 2014).

The horned octopug&ledone cirrhosa(Lamarck, 1798) is a medium-size benthic
octopod, widely distributed over the continentatlshs of the northeastern Atlantic and
Mediterranean Sea (Boyle, 1983). This species brdedughout the year, although in the
north-west Iberian Peninsula reproduction mostlguos between late spring and early
summer (Regueirat al, 2013). The reproductive peak in the western Medihean, at a
similar latitude to the above mentioned study, isilarly timed (Lefkaditou and
Papaconstantinou, 1995; Mangold-Wirz, 1963; Monyad988). However, studies
performed in Scotland indicate that egg laying osdater, between July and September
(Boyle and Knobloch, 1983), suggesting that lagtuthrough day-night duration, is a

important parameter influencing sexual maturatRagueiraet al, 2013).
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Hatching season for this species in northern Eurdo@& been supposed to happen
mainly between October and December, about thre®owr months later than sexual
maturation peak (Boyle, 1983). Little is known ab@arly life stages of this species.
Given the size of eggs (about 7 mm), considereaitasmediate compared with those of
other octopuses, hatchlings are certainly planktdsut probably only for a matter of days,
during which they remain near the bottom (BoyleB3)9 Account taken of all the aboe,
20-month lifecycle has been postulated for thisceg®ein north European waters (Boyle
and Knobloch, 1982), although this is unverifiec da the lack of studies focusing on age

and population structure of the species.

E. cirrhosa landings in Galician commercial harbors show a kedrseasonality,
typically associated with cephalopods, which hawhart life-span and rapid population
turnover (Sanchez and Martin, 1993). Captures amalso showed an increasing trend
throughout the last decade (Regueira et al., 20N&yertheless, the biology of this octopus
is still poorly studied in this region.

The main objective of the present study is to estimage and growth of the horned
octopusEledone cirrhosaluring their juvenile and adult stages using ghoimtrements in
stylets and obtain new insights into the lifecyofethis species in north-western Iberian
Peninsula waters, such as life span and hatchegpse

Material and Methods

From March 2009 to March 2010 samples of commdycadught horned octopus.
cirrhosa were collected monthly in three Galician (northsteen Iberian Peninsula)
fishing harbors: Burela (north) and Ribeira or B@eest). This species is caught as a by-
catch in the multi-species trawl fishery operatinghis whole area. Vessels landing their
captures in Burela operate on northern fishing gdsywhile landings in Bueu and Ribeira

come from western fishing grounds (Figure 6.1).

In total, 2220 individuals oE. cirrhosa(306 males and 595 females from the northern
fishing ground; and 379 males and 940 females ftoenwestern fishing ground) were

processed. Measurements of each specimen incluaidvieight (BW), eviscerated body

141



The ecology of the Horned Octopus, Eledone cirrhosa (Lamarck, 1798) in Atlantic Iberian Waters

weight (EBW), and dorsal mantle length (DML). Lemgtand weights were measured to
the nearest 0.1 cm and the nearest 0.1 g, resplctiince specimens were mostly intact,
no bias in weight measures was expected. The nwpizsmaturity scale of Inejih (2000)

was adapted to assign a specific maturity stagatt individual. For males this scale was
as follows: I: immature, Il: maturing, Ill: pre-spaing, with some spermatophores in
Needham’s sac, and IV: mature, fully developed rmp¢ophore, and for females: I

immature, 1l: maturing, lll: pre-spawning, IV: matuand V: post-spawning. Stylets of
thirty specimens of each sex and fishing groundewwaken monthly and stored in 70 %

ethanol until preparation.

In order to identify size classes (grouped in 5 mML) and structure sampling, a
modal progression analysis (MPA) was performed rsgply for males and females from
both northern and western fishing grounds using Blagtacharya method (1967) and
FISAT software. Subsequently, three individualsrespnting each size class, sex and
fishing ground were taken for SIA.

Permanent stylet preparations were made following §teps according to Barratt and
Allcock methodology (2010). First, transversal smtd of stylet approximately 1-2 mm
thick were obtained using a razor blade. Secontdjoses were dehydrated by successive
immersions for one hour in 70%, 90% and absoluteareil. Third, sections were
embedded in low viscosity acrylic resin (LR WHhie London Resin Company). Fourth, in
order to achieve a better light transmission aedetiore a clearer view of the growth rings,

the samples were ground and polished on both sides.

Samples were observed under a transmitted lightosgope connected to an image
analysis device equipped with LAS vl.4software.l&tgections were photographed at
400x magnification under full light power, with theondenser adjusted to optimize
brightness and contrast. A series of pictures wieten of each stylet section, covering its

entire surface. Each complete image comprised #am54 partial pictures.

The stylet sections consisted of a striped-conaestrface surrounding a core, where
each growth increment appears as a double bandyriong an optically translucent ring
and a dark one (Figure 6.2). Each pair of bandscmasidered as one growth increment

and, therefore, as a daily time indicator in tife dif E. cirrhosa
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Figure 6.1. Location of the fishing ports where the Eledone cirrhosa specimens were between March
2009 and March 2010. Trawling fishing grounds catalogued in each zone are indicated.

In total, 264 stylets were prepared and photograph&3 of which were consider
unreadable, due to focusing or sample quality dafaies. Two noneonsecutive counts
growth increment were carried out in the remainidg stylets, from outer to inner zol
When the difference between counts exceeded (Doubleday et al., 2006; Hermosilla
al., 2010)an extra count was undertaken. » eliminate samples with differences gre:
than 10%, 122 samples were accepted. These stgf@essented 27 females and 39 m
from the western fishing ground, and 33 females 2Bidnales from the northern fishi

ground.

A preliminary observation (the photos taken from these stylet sections shakadhe
core area of the stylet was useless for readingpasd in other similar studies (e
Doubleday et al. 2006). Thus, Core Area (CoA,?) and Counted Area (CA, n?) of
each stylet were measdrdrom pictures.The number of increments in the CoA v
estimated by extrapolation following the incremelgposition rate found in CA. Th
deposition rate for each stylet was obtained ingtthe potential relationship betwe
CA and the number afounted incremeni After logarithmic transformatiora t-test was
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preformed to compare both the slope and the inpéioegrowth increment deposition re
between males and feme (Zar, 1984).

Figure 6.2. Composite image of an Eledone cirrhosa stylet preparation, showing the counted area (CA,
the surface between dashed lines), in which growth rings are discernible, and the core area (CoA, the
area within the dashed black line), where the growth rings appear obliterated. The number of growth
rings in CoA was extrapolated following the deposition rate found in CA. Stylet perimeter (SP) is
indicated by the white dashed line.

Based on previous studies on age validation by [@#ormed in three octopus spec
(Doubleday et al., 2006; Hermosilla et €2010; Leporati and Hart, 201 a daily
deposition rate of growth increments in the stgkE. cirrhosawas assumed. Thus, age
the specimens wasalculated by adding the estimated growth ringghenCoA and thos
already counted in the Cand hatching dates were back calculated from capfate
Estimated age was then compared between sexessanyfground and was also rela
to BW, EBW and DML of the specimer

Instantaneous relative growth rate (G, % B™) was calculated for eac90-day age
class in order to obtain growth trends during ddfé ontogenic periods, using t
equations given by Forsythe and Van Heuke(1987):

__ LnWr—-LnW,
ty—ty

G x100,

where W is the BW at age, and W is BW at ageit To estimate G, maximum al
minimum BW for each 90 day age class were u
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Given that assumptions of normality and homocedagtivere not fulfilled, Spearman-
rank correlation rg) was used to evaluate covariation between nunmevagables and
differences between categorical predictors werg¢edesising non-parametric Kruskal—
Walllis test, for multiple comparisons, and Mann-Way for paired comparisons,
adjusting alpha by the Bonferroni approaak) (vith the purpose of controlling Type |
error across tests (Zar, 1984). All data were écbatvith the statistical software
STATISTICA 6.0.

Results

Modal Progression Analysis (MPA)

Modal progression analysis was performed separé&ieliemales and males of western
and northern fishing grounds off Galician coastsrdal mantle length (DML) of the 2220
considered specimens ranged from 57 to 158 mm #&desnand from 45 to 180 mm for
females. Body weight (BW) ranged between 40 and §3dr the males and from 15 to
1090 g for females. Table 6.1 shows the monthlg siasses per sex and fishing ground
determined by SIA. During the period between Ma2€l®9 and March 2010, six size
classes for females on both fishing grounds weeatiled. Conversely, males showed
only five size classes in this period. A maximumtlofee simultaneous size classes per
group in one month were detected (Table 6.1). Sasses were followed over time for as

much as nine months.

Stylet Increment Analysis (SIA)

The 122 stylets finally accepted for counting grdowtcrements comprised 60 females
(BW: 67 to 950 g, DML: 73 to 174 mm), and 62 mgBYV: 68 to 498 g, DML: 64 to 140

mm).

Stylet sections varied widely in shape, from neangular to much more irregular. No
clear zonation, apart from the readable and uni@adaeas, was observed. The readable
area constituted between 90 and 99.7 % of the sbydt section area. In other words,
assuming a circular shaped stylet section, the agatde zone was equivalent to the

internal area defined by a radius of between 5.686634..62% of the total radius.
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No significant (p>0.05) differences were found betw both slopes and intercept in
growth increment deposition rates between femaidsnaales, which indicate that sex has
no effect on deposition rates. Therefore, a geregyahtion was estimated from combined
data of both sexes. The equation relating the t@adarea of the stylet and the counted
increments (CI) in this area was: Cl = 241.7°5A: R2 = 0.756 (Figure 6.3). Based on
this equation, growth rings in the CoA were estedat
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Figure 6.3. Relationship between counted area (CA) and number of counted growth increments in the
stylet section of Eledone cirrhosa.

Estimated age

Significant differences (ps:) in the estimated age between males and females we
found in both fishing grounds; however, it remaimedstant for each sex regardless of the
origin (p>u;). Overall estimated age varied from 160 to 516day females, and from 106
to 420 days for males. Estimated age in the nartfishing ground ranged from 167 to
516 d (mean £ S.D.: 339.9 + 76 d) for females anthf180 to 381 (mean £ S.D.: 270.8 +
58 d) for males. In the western fishing groundinested age ranged from 160 to 512 days
(mean = S.D.: 315.4 + 96 d) for females, and fidd6 to 420 days (mean + S.D.: 239.6 =
71 d) for males.

The estimated age of the specimens was significaotirelated with all measurements

considered (BW, EBW and DML) for pooled data ansoalvhen analyzing sexes and
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fishing grounds separately (p <0.05). The bestiptedof age for females was BW, with a
rsof 0.77 and 0.62 for the western and northernriglground, respectively. However, the
best predictor proved to be DMLs(= 0.64) for males on the north coast, and EBW=(
0.72) for males of the west coast. Figure 6.4tithtes the relationships between estimated
age and BW and DML.

Age of mature males ranged from 186 to 381 daysafme S.D.: 292.8+74) on the
northern fishing grounds while it varied between01and 286 days (mean + S.D.:
243.7140) in western waters. With the exceptioomd specimen with an estimated age of
167 days, the estimated age of mature females ddmgfeveen 310 and 453 days (mean *
S.D.:348.8+55) in the northern fishing grounds drmmm 386 to 450 days (mean *
S.D.:418+45) on the western fishing grounds (FiguBg. No post-spawning females were

found.

Hatching date vs. Size class

Hatching dates of individuals captured between KM&009 and March 2010 ranged
from December 2007 to October 2009 and hatchingroed throughout the year, with a
peak in winter (Figure 6.6).

Size classes determined by MPA partially match witbdicted hatching date (Figure
6.7), however they do not predict age groups, snatehing dates of individuals belonging
to different size classes do overlap. Thus, pac@aparisons of hatching date between
consecutive size classes did not show significafferdnces (p»;). Differences in
estimated age between individuals assigned to @icplar size class at the same month
ranged from 6 to 286 days, with a mean of 78.1i#®¢/sdMean +£S.D.). Regarding to areas
and sex, difference between western females ddfex@s 84.4+76 days, while in northern
females was 92.8+84 days. This latter group achlie¢kie largest differences in estimated
age within a particular cohort, up to 286 days. €oning males, the difference was

66.9+£37 days, and 60.6+38 days, for the westermantthern coasts, respectively.
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Table 6.1. Summary of size classes detected per month on each fishing ground for males and females of Eledone cirrhosa. Mean
dorsal mantle length (DML; mm # S.E.) for each class is indicated.

Northern Size
Fishing Mar-09 Apr-2009 May-09 Jun-09 Aug-2009 Sep-09 Oct-09 Nov-09 Dec-2009 Feb-10 Mar-10 class
ground
Females 124.3+4.8 1413 140.8+5.1 - - - - - - - - 1

98.9+8.5 117.3+3.4 118.4%5.9 138.9+11 - - - - - - - 2

75+4.2 96.7+6.7 95+4.2 116.9+3.4 117.46%6.1 136.2+15.7 132.3+2.3 163.4+2.5 - - - 3

- - - - 94+5.8 105.9+9.8 113.3+8.6 127.8+£10.7 139.7+8.9 143.7+12.1 161.5%5.6 4

- - - - - - - 95£2.5 114.2+#8.5 126+2.5 141+7.6 5

- - - - - - - - - 103.3£9.6 117.5%6 6

Males 95+3 118.3+7 108.6x3.6 117.5%4.6 - - - - - - - 1
- 95+3.4 87.415 102.5+4.2 109.9+6.8 - 122.7+6.3 - - - - 2

- - - - 97.545.2 103.7x6.1 106.11+3.2 - - - - 3

- - - - - - - 114+5.2 - 132.5+7.8 - 4

- - - - - - - - - 105+3.7 - 5

Western
Fishing
ground
Females 127.5¢7.3 114.36.1 - - - - - - - - B 1

99.66.6 103.4+4.6 105.4+5.9 112.4+8.8 116.8+9.7 - - - - - - 2

76.2+£7.7 79+8.2 80.2+5.6 84.48 96.4+8.3 109.7+7.8 140.6+3.7 153.2+5.6 - - - 3

- - - - 64.7£5.5 85%5.5 125+4.6 133.6x6.1 - - - 4

- - - - - - - 112.5+7.8 113.7£10 119.5+10.4 129.3+7.1 5

- - - - - - - - 94+9.9 94.1+7.7 96.2+5.3 6

Males 103.9+7.48 98.9+4.7 - - - - - - - - - 1
85.5+3.5 75.7+12.2 95.96+5.8 97.5+8.3 103.9+6.1 112.9+5.8 123.4+4.35 129.03+6 - - - 2

- - - 83.29+6.7 90+3.8 96+5 - 112.5+#9.3 - - - 3

- - - - - - 75%6.7 87.5%6 - - 102.948.5 4

- - - - - - - - - 79.9+6 82.5%6 5
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Figure 6.4. Scatterplots showing estimated age (d) of each Eledone cirrhosa specimen versus BW in
grams (A) and DML in millimetres (B). M - West coast males (n=39), [J = North coast males (n=23),
A - West coast females (n=27) and A = North coast females (n=33).
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Figure 6.5. Mean age per maturation stage by sex and fishing ground. B = West coast males (n=39;
black dotted trend line), [J = North coast males (n=23; grey dotted trend line), A - West coast females

(n=27; Continuous black line) and A = North coast females (n=33; Continuous grey line). No post-
spawning females were found.
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Figure 6.6. Hatching date histogram, resulting from back-calculation according to capture data and
estimated age of the 122 successfully aged Eledone cirrhosa specimens.
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Figure 6.7. The graphics illustrates the application of MPA as a proxy for defining age classes in
Eledone cirrhosa. Specimens of each sex and fishing ground are displayed separately, according to their
estimated hatching date and the size class they belong to. Size classes were previously defined by MPA
and followed in time, so specimens of a particular size class would be expected to have hatched at
about the same date. Nevertheless, range of hatching date of the specimens belonging to consecutive
size-classes does largely overlap in many cases.

Growth

Relative instantaneous growth rates (G) generadlgrehsed with age (Figui6.8).
Values of G varied between age classes from 0.031t6% of BW per day (Meanz Sl
1.07+£0.54). Male G varied from 0.03 to 1.5% (Me&B: 0.97+£0.51); female G varie
from 033 t0 2.17% (Mean+ SD: 1.15+0.5

Although the Studenttest does not reject the null hypothesis of homeiggmf slopes
(p>0.05), young individuals from the western fighiground do have higher growth ra
than those from the north according to icalculated G. However, their growth ri

subsequently decreases more sharply, reaching kalges of C
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The adjusted slope is similar in both sexes widanh sampled area; however, the vi
of the intercept differs between sexes, and matasnad alower G than correspondi-

age females.

25

1,5

G (%BW d?)

0,5

90-180 180-270 271-360 361-450 451-540

Age class

Figure 6.8. Eledone cirrhosa instantaneous relative growth rate (G) in BW (% BW d-1) and trending
lines per 90 day age classes. B = West coast males (black dotted trend line), [J = North coast males

(grey dotted trend line), A - West coast females (Continuous black line) and A = North coast females
(Continuous grey line).

Discussion

Our results show thdt. cirrhose hatches throughout the year in north western Ihe
waters, with a peak in January. The comparisornuofdata with the reproductive cycle
this area, where the maximum gonadosomatic indd&roéles peaks in June (Regueet
al., 2013), indicates thahe period between maturity peak and egg hatdakegs about si
months. Considering that embryonic development6iCltakes about 110 days in tl
species (Mangolet al., 1971) and since sea bottom temperature on the-western
Iberian continentashelf ranges between 11°C and 14°C (Get al. 2011), this longer
time period should be expected. Experiments irucalindicate that females E. cirrhosa

may copulate several weeks before egg laying beggidscan preserve sperm for up to
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weeks (Mangolcet al., 1971). Therefore, although the reproductive peaturs in June,
egg laying may be delayed until the summer andhivegauntil December.

A significant differential longevity between sexess observed ifE. cirrhosg with
females living longer than males. A general tengefoc this fact in octopods cannot be
established based on previous studies. Thus, ndittmandez-Lopeet al. (2001) nor
Canaliet al. (2011) found significant differences in lifespagtleen sexes i®. vulgaris
Conversely, Leporatet al. (2008) found significant differences in age by iagdO.
pallidus stylets, although males were significantly lontjeed than females. This lack of
uniformity in the published results could suggestonsistencies in sampling method,
rather than physiological differences between g dhese inconsistencies may be due to
a different catchability between sexes during défe life stages, as might result from
females ofE. cirrhosamigrating to shallow water to spawn (Reguetaal.,2014); during
this reproductive migration, they may be more viabée to fishing, while a proportion of
males remain in deeper areas, outside the fishiogngls worked by trawlers. This could
be the reason why females seem to be much morelabuthan males in this fishery. On
the other hand, females Bf cirrhosalays its eggs on rocky substrate in a similar way
O. vulgaris and certainly not on open smooth muddy or saradipins, and likely broods
the eggs (Mangol@t al., 1971). If this is so, females might not be capludering this
period, while males could be captured throughoeir tife. The absence of post-spawning
females in this study supports this fact. Givenaheve, lifespan difference between sexes
would be of up to almost eight months. Combininig thith the results on age estimate
obtained in this study (maximum age of 517 days®, life span of femal&. cirrhosa
would be around two years, agreeing with the hyggith of Boyle (1986) for Scottish

populations.

According to minimum estimated ages, recruitmenth® fishery ofE. cirrhosain
northwestern Iberian waters would occur when arsmaéch 3-4 months old. This also
agrees with fishery catch pattern of the speciasonth-western Galician waters, in which
a peak of captures corresponding to new recrukisstalace around May (Reguegtal.,
2014). Thus, the concluded chronological patteriches with that proposed by Mangold
(1971) when analyzing embryonic development ofsipecies.
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Despite the significant correlation found betwee® @and age, in view of our results,
MPA seems not to provide an adequate vision ofsaigesture inE. cirrhosapopulations.
The application of MPA as a tool for inferring ageucture has been rejected before on
cephalopod populations, mainly due to the highinsic variability in growth rates
(Forsythe and Van Heukelem, 1987) and also beaagisieer length nor weight are good
indicators of the age of a soft-bodied aniifi@rsythe, 1984). Although some authors have
suggested its validity if it can correct the obsgion bias introduced by the size-selective
fishing gear (Keylet al., 2011), our results support the former hypotheagign the high
size diversity between same-age specimens. Thigidil diversity is also illustrated by
the wide variety of mathematical models used tangethe growth of cephalopods, due to
the unsuitability of a single model to take accoohtthe wide variability in sizes of
individuals belonging to a unique age-class (Senme¢ral., 2004). Given this lack of
consensus, it seems likely that cephalopods presfatent types of growth in different
stages of development, so the growth rates seinothis work are only valid for the

benthic life-stage and cannot be extrapolate torgomic and planktonic stages.

Based on size at first maturity (DML50%) estimafed this species in north-western
Iberian coasts (Regueiet al.,2013) and DML-Age relationships in this paper, féasa
would achieve maturity at around one year old, /hilales would do so at approximately
8 or 9 months.

Estimated growth rates are similar results to thextenated for other octopods in the
wild, such aOctopus mimu$0.09-1.25%) (Corteet al.,1999). According to experiments
in the laboratory, octopuses generally demonstrate phase growth: an initial rapid
exponential - phase and a slower power growth p{aeeamenst al.,2004); therefore, a
progressive moderation of growth rate would be etqEk or at least in young individuals,
it should remain stable. Given the limited amouhsuccessfully aged individuals, and
although the observed trends are plausible, furdimadysis will be needed to accurately
determine such changes in growth rates as welbrasmbrionary and planktonic phases.
Moreover, as in other cephalopods, different mmwberts may have different growth
rates depending on the time of hatching (Pierce Guadrra, 1994). The lack of precise
catch location data could explain part of the \ality in our results, as well as reported
segregated distribution by sex and size (Reguwtied., 2014), since individuals caught in
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different areas may be subjected to diverse ab@tt biotic conditions affecting growth
processes (Piera al.,2008).

The method for sample preparation described byaBamd Allcock (2010) and applied
herein provided durable samples, which were keptoutfhout the process of
experimentation and photography. This proves tltalslity of the method for age studies
in Eledone cirrhosa

In the future, the results of the present study wéed further validation. Not only
because the deposition rate of growth rings coalcela different periodicity to a day, but
also because stylet formation and growth process®sin unknown during embryonic
development and early life stages and, as obsarvether structures such as statoliths
(Gonzalezt al.,2010), the central area of the stylet may undeayopaction during early
growth. That would make it harder to estimate theber of rings in this area and could
bias the results on estimated age. However, theordance between this interpretation of
the population structure, by mean of age estimateh, the reproductive cycle described
for the species and the pattern of catches supfi@tgalidity of what is concluded in this

paper.
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Experience in aquarium

Some records on the behaviour of the horned octopus Eledone
cirrhosa in captivity

Abstract

A total of sixteen individuals of horned octodtiedone cirrhosgLamarck, 1798) were
caught using creels by a vessel of the small-distlery operating in the Ria of Vigo (NW
Spain). Captures took place on the west side o€ilke Islands (Galician National Park of
the Atlantic Islands) in March 2013 between 60 &ddmeters depth. All the octopuses
were females, ranging 355-950 g in body weight. als were kept alive and
subsequently transferred to open seawater systbser@ations under confined conditions
resulted in several behavioural events, summarazeébliows: i) visual attack sequence
was described and found to be similar to that etddlbby Sepiasp., which involves three
main phases: attention, positioning and seizujeafter a time of confinement, females
spontaneously start to spawn in the artificial damanged inside the tanks, although eggs
were unviable, and i) a burrowing behavioum#ar to that exhibited byOctopus
vulgaris,was observed for the first time. These observatamesdiscussed and compared

with previous literature.

Keywords: Eledone cirrhosahunting, spontaneous spawning, fake spawn, bumgw
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Introduction

The horned octopusledone cirrhosgLamarck 1798) is from both landing significance
and its wide distribution range, the second octogpecies in commercial importance in
European waters, only aft€ctopus vulgarigCuvier 1797).E. cirrhosais a ubiquitous
species in the Mediterranean Sea and its geographge extends beyond the Strait of
Gibraltar, over the continental shelf of Westerrrdpe and Northern Africa, from the
coast of Morocco, southwards, and through the Ataside of the Iberian Peninsula and
the British Isles, until Norway and Iceland coa@B®yle 1983; Guerra 1992). It is a
benthic species inhabiting sandy and muddy bott¢Bwmyle 1983) of the slope and
continental shelf, between 50 and 300 meters datie Mediterranean basin, being more
frequent between 60 and 120 m (Belcari et al. 2002 depth pattern distribution seems
to be similar to that found in the southern paftgoAtlantic range, although in Scotland

and northwards this species also inhabits the abashes (Boyle 1983).

Because of the habitat it occupi&edone cirrhosas a by-catch for the commercial
trawling fleet and, therefore, obtaining live anisdor captive study is particularly
difficult. So that, the little we know about itspreductive behaviour has been indirectly
inferred from analyses carried out with specimem®iog from commercial fisheries and
some few observations in confinement (Iglesiasl.e2@L4), mainly carried out by Boyle
and collaborators in the Zoological Laboratory b€ tUniversity of Aberdeen in the
eighties (see Boyle, 1983 for a review).

Based on sex ratio bias found in different studied its variation, this species had been
proposed to perform a segregated distribution abegrto sex and maturity (Mangold-
Wirz 1963; Mangold et al. 1971). Moreover, mattemales move inshore for egg laying
(Boyle 1997) at the beginning of the spawning sea$bis seasonal migration takes place
at different time throughout its geographic ranBeyle et al. 1988). Specifically in NW
Iberian peninsula it takes place mainly from MayJime (Regueira et al. 2013). This
aspect was recently confirmed on the basis of stalmbed captures in North-western
Iberian waters (Regueira et al. 2014).

Available information on spawning can be summarizsd follows: i) egg laying

duration is variable, and lasts from 8 days to IyeaArmonth depending on temperature
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(See Villanueva & Norman, 2008 for a review); iggestrings usually contain eggs at
different developmental stages (Villanueva and Norn2008); and iii)) embryonic

development duration varies between 3—4 monthd-st&°C (Mangold et al. 1971).

In this paper we present a series of observationgisual attack sequence, spawning
and burrowing behaviour of the horned octopilisirrhosg based on the observation of
animals under aquarium conditions. Given the diffies in obtaining viable octopuses
and the subsequently limited number of experierafethis kind performed with this
particular species, we considered the describedirhexrs relevant information for the

knowledge of this species.

Material and Methods

A total of sixteen individuals of the octopks cirrhosawere obtained from a vessel of
the small-scale fishery operating around the Ciskndls, within the limits of
the Galician Atlantic Islands Maritime-Terrestrial Natnal Park in NW Spain. Three of
these animals were caught in March th&,1&nhd the remainders six days after. Depth of
capture ranged from 60-70 m. The octopuses wensprated alive to the facilities of the
Institute of Marine Research in Vigo (IIM- CSIC).llIAhe animals were weighed and

sexed; being determined as females, ranging 3559 ®ody weight (BW).

Octopuses were kept in four circular, flat bottomdareglass tanks; measuring 135x50
cm (diameter and height). Tanks were equipped saidwater open circuit supply. Raw
water temperature in three of the tanks maintaatetb® C and in the remaining one was
cooled to 10 °C by with an electric cooler. Photogmk was set to the natural conditions

with of a clock timer, which controlled light peds.

In order to minimize potential aggressive behawpdour individuals of similar size
were placed in each tank. Four PVC pipe sectionigoarplastic pots, were placed inside
each tank, thus providing shelters to the anintadsape of the octopuses from the tanks

was prevented by covering them with a plastic mesh.
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The animals were feedd libitum with live crabsCarcinus maenagabout 6-7 cm
carapace width) and alternatively, when crabs weteavailable, with pieced fresh horse

mackerelTrachurus trachurus

Behaviour of the animals was filmed by a GoPro Hexedeo camera.

Results

Aquarium-held animals in the facilities at IIM-CSIQuickly adapted to captivity
conditions and started feeding three or four ddysr deing introduced into the tanks.
Although the animals were receptive to all kind fobd, live crabs powerfully drew
octopuses’ attention, triggering hunting behavicdDonversely, fresh fish was received

with lower interest.

Most of the animals considered in this study feadyein the morning and/or at night,
keeping mostly inactive during the daylight periad,expected for this species (Cobb et al.
1995).

Visual attack sequence

Hunting behaviour was found to show a consistenttepa According to our
observations, this behaviour is triggered by visudétection of its prey. Then the octopus
changes its chromatic pattern from a finely graineattle of yellow-red colour with white
spots (Figure 7.1A) to an intense roughly grainedtlish-colour while gently approaches
(Figure 7.1-B). When the octopus gets a distancabotit one time its own mantle length
(Figure 7.1-C), it pounces on and catches the asihg its brachial crown-umbrella

complex (Figure 7.1-D), while maintaining the irgerreddish coloured chromatic pattern.
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Figure 7.1. Eledone cirrhosa attack sequence to a crab. A: Resting individual, showing a mottled body
pattern; B: The octopus establishes visual contact with the prey, triggering hunting behaviour. Then
the octopus gently approaches to the prey. Note the changes in chromatic and body patterns; C: When
a distance of about one time its own dorsal mantle length is reached, pounces on the crab; D: the
octopus traps the crab using its brachial crown-umbrella complex.

Spawning

On the 2¥April, 2013 one of the females (725g) started &itag the egg strings on tl
ceilings and interior walls of shelter (Figure 2). That specimen and her sheltne
isolated in a 150 | glass aquatri, in order to minimize the stress potentially causedhie
presence of other individuals in the nearby, asl sl to facilitate its monitoring
Moreover, in this agarium was arranged a soil of sand and differenenss, like stone
or shells, in order to recreate the natural enwirent. At once, and in order to follow
egg strings without disturbing the female, 5 egings were taken and placed in a sr
mes cage. After 27 days of monitoring them, neithner isolated eggs nor the laid ins

the shelter experienced any change, except faglat slarkening coloul

During the study, four additional females starteging eggs in fibreglass tani
attachingthe egg strings within shelters as the first spagrémale did. Eventually, son
isolated eggs were found attached to the wallsheftank, although due to that seve
females shared each tank, it was not possibletesrdane which female spawned th.
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From the spawning event onward, all these spawféntales gradually reduced th
food ingestion rate until they stopped feeu.

Figure 7.2. Eledone cirrhosa female inside a shelter. Egg strings were located on the ceiling. This
animal showed severe skin lesions.

Burrowing behaviour

The first spawning female, placed in the individiahk, performed a burrowir
behaviour, which can be summarized as followshe) spawning female always remair
inside the shelter; ii) she blocked the entrawith stones and/or other different materi
available from the adjacent environment (FigureiB)the animal showed an increasing
physical degradation (e.g. skin ulcerative lesiéms,ingestion rate, if any, etc.) during t
“incubation” time (Figue 2); iv) the animal died on May ™ and during these 28 days 5

eggs were laid in 33 clusters, which represen@vanage of 16.1 eggs per clus
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Figure 7.3. Sequence of images showing the burrowing behaviour of Eledone cirrhosa. The female
collected several available materials from their environment sealing the entrance of the shelter.

Discussion

Although Eledone cirrhoséhas been reported to be primarily caught with ottcawl
and to a lesser extent with seines (Jereb 2014), as far as we know, this is the f
record of the capture of this species with cremlAilantic Iberian waters, where it
regularly captured by bottom trawl in the contireérghelf (between 2(-400 m depth).
Nevertheless, the animals refel herein were caught in much more shallower wated-
70 m). According to fishermen this event is noerduring several weeks a year in spr|
when large individuals appear within baited crelsrelatively shallow waters. Th
information agrees witthe seasonal offshc-inshore reproductive migration described
the species in this particular area (Regueira.2Qdl4), and is also consistent with the

that all captured individuals were large fems
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Visual attack sequences occurred in our tanks wegbtlifferent phases, similar to those
described by Messenger (1968) for cuttlefishesciwl@mbush their prey through three
phases: attention, positioning and seizure. Thistihg behaviour we observed can be
considered a kind of stalking (Hanlon and Messerif#36). The intense and rough,
grained and red-coloured chromatic pattern disgladygE. cirrhosawhile stalking and
pouncing on the prey (Figure 1B, C and D) couldnsaemntradictory with a stalking
hunting strategy, opposite to the finely grainedttitaoof yellow-red colour, defined as
“mottle” by Hanlon and Messenger (1996) for octopadd as “dressing-gown pattern” by
Boyle and Dubas (1981) fdf. cirrhosg which usually display the animals at rest and
undisturbed (Figure 1A). Nevertheless, red lightratates rapidly with depth in the water
and, therefore, a red organism would appear blaclepth, rendering it invisible to their
predators (McClintock et al. 2001), making thisarhatic pattern suitable in the wild. That
iIs why many mesopelagic and deep-sea benthic spaceered-coloured (Johnsen 2005),
asE. cirrhosais. Thus, the reddish colour of this species dtuiss an adaptation to the
environment that inhabits and this stereotyped ihgnbehaviour increases its cryptic
ability during pouncing. In consequence, we hypsited thaE. cirrhosainstantly adopts
this chromatic pattern, becoming virtually inviglib its prey and, therefore conducting an

stealth-ambush strategy in the deep clear sofolnstiwhich this species inhabits.

Both territoriality and aggressive behaviour againeighbours due to defence of
adjacent surroundings or shelter home has beenl fiouseveral octopod species (Aronson
1986; Cigliano 1993; Mather et al. 1985), whichfrisquently promoted by dominance
hierarchies based on size (Mather 1980). In fambnibalism has been reported in this
species (Guerra 1992, Regueira et al., 2007; Msuiyi981) and also in the common
octopus Q. vulgarig inhabiting nearby coastal areas (Hernandez-Uretral. 2014).
However, neither territorial behaviour nor hosyiltvas observed among the animals
sharing the same tank during this study. The laickannibalism could be due to the
similar sizes of the specimens sharing each tanwelsas keeping the animals fed
libitum. On the other hand, the occurrence of this typleetfavior is really low and could
be triggered only in very concrete circumstancesigii abundance of juvenile individuals,

as suggested by Regueira et al. (2017).
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Our observations showed that five females spontssigospawned in the tanks.
Although no systematic attempt has been made testigate the factors which may be
influencing this event, it is known that aquariuranditions trigger gonadic ripeness
(Boyle and Knobloch 1984). Therefore, since thaviidials considered in this study were
captured while migrating for spawning, it is notmising that all of them were mature
females. However the whole set of eggs was unviaid it remains unclear whether the
eggs were actually fertilized or not. So the unded question is whether or not the
females were previously mated and, therefore tlys egere fertilized before their catch.
References on the spontaneous spawn in cephalopdés confined conditions have been
scarcely published. The only reference concernimgatclosely related species was
provided by Valic (2005) for which he called “fakpawning”, inE. moschataWodinsky
(1972) inO. vulgarisand Guerra (pers. obs.) @epia officinalisobserved some individuals
laying infertile eggs when brought into the aquariand not mated there, although no

explanation was offered.

Previous studies oB. cirrhosain the laboratory suggested that this species sitspibs
eggs strings on rocky substrate in a similar way @ vulgaris and certainly not on open
smooth muddy or sandy bottom (Mangold et al. 19B),this behaviour has never been
directly observed in this species. Although somewfanimals deposited isolated egg in
the walls of the tank, which can be considered la@rrant behaviour (Mangold et al.
1971), most of them laid the eggs strings withish&lded place. Thus, according to our
observationsE. cirrhosafemales spawn within a shelter, inside which treayain during
eggs development, and block the entrance with stand other materials they find nearby
the burrow. This fact had never been reported befeo our observations confirm what,
until now, was merely speculation. Moreover theyfgren an active care of the egg lying
until their death, as many other benthic cephaloppecies do (Hanlon and Messenger
1996).

Burying behaviour has been previously describedEfocirrhosa(Guerra et al. 2006).
However, this behaviour was not observed in ouecasen though a sandy bottom was
placed on the glass aquarium of the first spawfengple, suggesting that this behaviour is
performed when a lack of available shelter occ8mce it is known thaE. cirrhosais a

typical soft-bottom species, this observation piesi a plausible explanation about the
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reproductive migratory behaviour described for $pecies. We hypothesized that mature
females might migrate to shallower waters in oftdeincrease the availability of shielded

places (crevices or caves in rocky substratesatsleiffor spawning.
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Reproduction

1. Size of Eledone cirrhosainhabiting north-western Iberian waters increasgth
latitude, following the general pattern found ire ttwhole distribution range of the
species.

Significant different sizes were found between sexe

3. The bottom trawl fishery operating in the area nyaicatches females, which
comprised 74.71% of the individuals sampled.

4. Significant differences in sex-ratio were foundvietn Galician and Portuguese
samples.

5. The spawning season Bfedone cirrhosan north-west Iberian waters extends from
March to September, with a peak in May-June.

6. The potential fecundity ranged from 547 to 6545ybes per ovary.

7. Mantle length in mature males was positively catied with spermatophore length,
but not with spermatophore number.

8. Size at first maturity increases with latitude othbsexes.

Digestive gland does not act as a storage orgagoioadic ripeness.
Distribution

10. According to surveys performed between June ancehdrer, higher abundances of

E. cirrhosaoccur in October-November and between 100 and 2€&i@mdepth.

11. The migratory pattern of the species leads to hmigtimindances in coastal areas

during early summer. This coastal abundance disappan August-September,
concentrating at the edge of the slope and sprgdtmughout the continental shelf

in October-November.

Diet and feeding

12. The diet of the horned octopt$edone cirrhosan Atlantic Iberian waters is mainly

based on crustaceans (70.6%), followed by fish8%#.and, in a lesser extent, by
echinoderms (5.5%), molluscs (4.9%) and polychézti®o).

13. The main factors affecting prey ingestion are Mé&tustage, Fishing ground and

Season.
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Age and growth

14. Longevity differed significantly between sexes,wiémales reaching a life span of
17 months while males attained only 14 months.

15. E. cirrhosain North-western Iberian waters hatches througtiogityear, with a peak
in January.

16. Relative instantaneous growth rates, estimate®®day age classes, ranged from
0.03% to 2.17% of body weight per day, decreasiitly age.

Behaviour

17. A three-phased hunting behaviour, similar to thahildted by Sepia sp., was
observed under confinement conditions.

18. Spontaneous spawning was observed under aquarinditions, although the eggs
were not viable.

19. Nesting behaviour under aquarium conditions wasrdssd for the first time irk.
cirrhosa. During this period the animal remains inside thelteln and blocks the
entrance with stones and/or other different matergvailable from the adjacent

environment.
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